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ABSTRACT
The d e s c r i p t i o n  o f  th e  a n a l y s i s  o f  u n c o n f in e d  t r a n s i e n t  
d ra in a g e  p ro b lem s b e tw een  p a r a l l e l  t i l e  d r a in s  i s  p r e s e n t e d .  
A n o n - l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t io n  i s  u s e d  t o  
p r e d i c t  th e  w a te r  t a b l e  v a r i a t i o n  w i th  r e s p e c t  t o  t im e .
A co m p u ter program m e w h ich  s o lv e s  th e  L a p la c e 's  p a r t i a l  
d i f f e r e n t i a l  e q u a t io n  o f  f lo w  by f i n i t e  d i f f e r e n c e  t e c h ­
n iq u e s  i s  w r i t t e n  f o r  an  IBM7094 an d  f u l l y  d e s c r i b e d .  
T h e o r e t i c a l  w a te r  t a b l e  p r o f i l e s ,  w h ich  a r e  o b ta in e d  
f o r  d i f f e r e n t  r a t i o s  o f  a v e ra g e  a q u i f e r  d e p th  to  d i s t a n c e  
b e tw een  d r a i n s ,  a r e  com pared to  th o s e  fo u n d  e x p e r im e n t­
a l l y  w i th  a  H ele-Shaw  m odel by R .A . S h e r ry  an d  th o s e  
t h e o r e t i c a l l y  p r e d i c t e d  from  D u p u it-F o rc h h e im e r  th e o r y  
by R .E . G lo v e r . The r e s u l t s  i n d i c a t e  a  much b e t t e r  
a g re em e n t w i th  t h e  H ele-Shaw  m odel t h a n  th e  D u p u i t -  
F o rc h h e im e r  a p p ro a c h .
i i i
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CHAPTER I  
INTRODUCTION
A d ra in a g e  p ro b lem  i n  a g r i c u l t u r a l  a r e a s  i s  
c a u se d  by an  e x c e s s  o f  w a te r  on th e  s u r f a c e  o f  th e  
s o i l  o r  i n  th e  r o o t  zone b e n e a th  th e  s u r f a c e  o f  th e  
s o i l .  Much o f  th e  w a te r  w i l l  be rem oved n a t u r a l l y  
by s u r f a c e  r u n o f f ,  deep  s e e p a g e , e v a p o r a t io n  an d  
t r a n s p i r a t i o n ;  h o w ev er, i f  t h e s e  p r o c e s s e s  a r e  to o  
slow  to  p r e v e n t  c ro p  dam age, a r t i f i c i a l  means m ust 
be u s e d  to  im prove  d r a in a g e .
The m ain p u rp o se  o f  d r a in a g e  i s  to  p ro v id e  con ­
d i t i o n s  i n  th e  s o i l  w h ich  a r e  s u i t a b l e  f o r  t h e  max­
imum g ro w th  o f  p l a n t s .  T h is  i s  a c h ie v e d  by. s t a b i l ­
i z i n g  th e  f l u c t u a t i o n s  o f  th e  g ro u n d  w a te r  t a b l e  and  
rem o v in g  g r a v i t a t i o n a l  w a te r  from  th e  s o i l .
H igh w a te r  t a b l e s  may slow  p l a n t  g ro w th  i n  many 
w ay s. I t  i s  fo u n d  t h a t  d i s s o lv e d  oxygen  i n  w a te r ­
lo g g e d  s o i l s  i s  c o m p le te ly  a b s e n t .  T h is  r e s u l t s  i n  
th e  p r o d u c t io n  o f  t o x i c  o rg a n ic  compounds by th e  
a n a e ro b ic  d e c o m p o s itio n  o f  o r g a n ic  m a t e r i a l .  S in c e  
th e  r a t e  o f  d e c o m p o s itio n  i s  s low ed  down, th e  n i t r o g e n  
a v a i l a b l e  t o  p l a n t s  i s  l i m i t e d .  I n  a d d i t i o n ,  a  f l u c ­
t u a t i n g  w a te r  t a b l e  may c a u se  p l a n t  r o o t s  to  r o t  o f f .  
When th e  w a te r  t a b l e  d ro p s ,  t h e r e  a r e  no r o o t s  f o r  
th e  p l a n t  t o  u s e  t o  e x t r a c t  m o is tu re  from  th e  w e t - r o o t
1
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z o n e .
The b e s t  re m o v a l o f  w a te r  i s  m ost f r e q u e n t ly  
o b ta in e d  by a  c o m b in a tio n  o f  s u r f a c e  and  s u b s u r f a c e  
d r a in a g e  s y s te m s . I t  i s  u s u a l l y  m ost e c o n o m ic a l to  
rem ove s u r f a c e  w a te r  from  t i l e d  f i e l d s  by i n s t a l l i n g  
sh a l lo w  s u r f a c e  d i t c h e s  c o n s t r u c te d  t o  g ra d e  w h ich  
do n o t  i n t e r f e r e  w i th  c u l t i v a t i o n .  S u b s u r fa c e  d r a in a g e  
may be a c h ie v e d  by e i t h e r  t i l e  d r a i n s  o r  open  d r a i n s .
I n  l a y in g  o u t a  d r a in a g e  sy s te m , s p e c i f i c  d r a in a g e  
r e q u i r e m e n ts ,  su c h  a s  r a t e  o f  lo w e r in g  th e  w a te r  
t a b l e ,  d e p th  o f  t h e  w a te r  t a b l e  below  th e  s u r f a c e ,  
and  th e  d e g re e ,  l e n g t h  and  f re q u e n c y  o f  f l u c t u a t i o n s  
i n  th e  w a te r  t a b l e  l e v e l  m ust be d e te rm in e d .
P a r a l l e l  t i l e  d r a in s  w h ich  a r e  d e s ig n e d  t o  p ro v id e  
s u b s u r f a c e  d r a in a g e  f o r  a g r i c u l t u r a l  la n d s  a r e  th e  
s u b j e c t  o f  t h i s  t h e s i s .  P a r a l l e l  l i n e  sy s te m s  a r e  u se d  
on p o o r ly  d r a in e d  s o i l s  h a v in g  l i t t l e  s lo p e  and  a p p ro x ­
im a te ly  u n ifo rm  t e x t u r e .  T i l e  d r a in a g e  rem oves e x c e s s  
w a te r  fro m  th e  s o i l  th ro u g h  a  c o n tin u o u s  l i n e  o f  t i l e  
l a i d  a t  a  s p e c i f i e d  d e p th  an d  g r a d e .  F re e  w a te r  
e n t e r s  th ro u g h  th e  t i l e  j o i n t s  and  f lo w s  o u t by g r a v i t y ,  
so t h a t  th e  w a te r  t a b l e  i s  lo w e re d  be low  th e  r o o t  
zone o f  th e  p l a n t s .
F o r u n ifo rm  d r a in a g e ,  d r a i n s  a r e  p a r a l l e l  and  
th e  same d i s t a n c e  a p a r t .  T h is  p r o v id e s  f o r  a  u n ifo rm  
w a te r  t a b l e  midway b e tw een  d r a in s  an d  a l lo w s  e a c h  
l i n e  to  c o v e r  i t s  maximum a r e a .
2
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One o f  th e  m ain  p ro b lem s i n  d r a in a g e  d e s ig n  i s  
th e  d e te r m in a t io n  o f  th e  p r o p e r  d e p th  and  s p a c in g  
o f  d r a in s  and  th e  s u b s e q u e n t b e h a v io u r  o f  th e  w a te r  
t a b l e .  A m a th e m a tic a l  a n a l y s i s  o f  th e  f i e l d  p ro b lem  
i s  u s u a l l y  o b ta in e d  o n ly  by s im p l i f y in g  a s s u m p t io n s .
I n  m ost c a s e s ,  th e  a s su m p tio n s  w i l l  n o t  e x a c t ly  c o r r e s  
pond to  th e  s i t u a t i o n  i n  th e  f i e l d .  I t  i s  t h e n  n e c ­
e s s a r y  t o  u se  judgm ent i n  a p p ly in g  th e  t h e o r y .  I n  
some c a s e s  a  th e o r y  w i l l  w ork q u i te  w e l l  and  i s  s u i t ­
a b le  f o r  d e te rm in in g  th e  d e p th  and  s p a c in g  o f  d r a i n s  
b u t  i n  o t h e r  c a s e s  a  th e o r y  i s  u s e f u l  o n ly  a s  a  f i r s t  
a p p ro x im a t io n .  H ow ever, a n  a c c e p ta b le  t h e o r e t i c a l  
s o l u t i o n  o f  w a te r  t a b l e  re s p o n s e  to  p a r a l l e l  t i l e  
d r a in s  w i l l  c o n t r i b u t e  t o  th e  u n d e r s ta n d in g  o f  f i e l d  
e x p e r im e n ta t io n  f i n d i n g s .  T h is  s o l u t i o n  c o u ld  a l s o  
s e rv e  a s  a  b a s i s  f o r  d e s ig n  p r a c t i s e s  i f  u s e d  w i th  a  
sound  judgm ent o f  l o c a l  c o n d i t i o n s .
T h is  t h e s i s  c o n s i s t s  o f  a  c o m p a riso n  b e tw een
t h e o r e t i c a l  and  e x p e r im e n ta l  v a lu e s  o f  w a te r  t a b l e
l e v e l  drawdown p r o f i l e s  f o r  v a r io u s  v a lu e s  o f  s p a c in g
be tw een  p a r a l l e l  t i l e  d r a i n s .  E x p e r im e n ta l  v a lu e s
w ere o b ta in e d  fro m  e x p e r im e n ts  p e rfo rm e d  by S h e ry
Q 966]  w i th  a  H ele-Shaw  m odel and  t h e o r e t i c a l  v a lu e s
w ere c a l c u l a t e d  by a  f i n i t e  d i f f e r e n c e  s o l u t i o n  o f
L a p la c e 's  e q u a t io n  and  a  p a r t i a l  d i f f e r e n t i a l  e q u a t io n
w h ich  d e s c r ib e s  th e  movement o f  th e  w a te r  t a b l e .  A
co m p a riso n  o f  w a te r  t a b l e  drawdown p r o f i l e s  i s  a l s o
3
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p r e s e n te d  b e tw een  t h i s  t h e o r e t i c a l  s o l u t i o n  an d  one 
p r e s e n te d  by G lo v e r  (Dumm, [ j  954] ) •
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CHAPTER I I  
REVIEW OE LITERATURE
INTRODUCTION
I n  r e c e n t  y e a r s ,  t h e r e  h a s  "been a  g row ing  i n t e r e s t  
i n  th e  p ro b lem  o f  d ra in a g e  i n  a g r i c u l t u r a l  l a n d s .  I n  
p a r t i c u l a r ,  many e x p e r im e n ta l  s t u d i e s  an d  t h e o r e t i c a l  
a n a ly s e s  have  b e en  p r e s e n te d  on f l u i d  f lo w  b e tw een  
p a r a l l e l  d r a i n s .  A s u rv e y  o f  th e  l i t e r a t u r e  p e r t a i n i n g  
t o  t h i s  s u b j e c t  w i l l  i l l u s t r a t e  th e  v a r i e d  a p p ro a c h e s  
o f  d i f f e r e n t  r e s e a r c h  p r o j e c t s .
Most t h e o r e t i c a l  a n a ly s e s  t o  d a te  have b e en  
b a se d  on D u p u it-E o rc h h e im e r , r a d i a l  f lo w  and  p o t e n t i a l  
th e o r y  a s s u m p t io n s .  Ah e v a lu a t io n  and  c o m p a riso n  o f  
v a r io u s  m ethods o f  d e s ig n in g  s u b s u r f a c e  d r a in a g e  
sy s te m s  h a s  b e en  p r e s e n te d  by v an  S c h i l f g a a r d e ,  K i r k -  
ham and  E r e v e r t  [1956] • B o th  s te a d y  an d  n o n - s te a d y  
• s o lu t io n s  w ere  re v ie w e d  f o r  p ro b le m s o f  s a t u r a t e d  f lo w  
an d  s p e c i a l  a t t e n t i o n  was g iv e n  t o  t h e o r i e s  b a se d  upon  
e i t h e r  r a d i a l  o r  h o r i z o n t a l  f lo w  a s s u m p tio n s  a s  p r e s e n te d  
by H ooghoudt [1937, 1 9 4 0 ] , v an  D eem ter [[949] , G lo v e r  
(Lee D. Dumm, [T 9 5 4 ]), E e r r i s  ji_950] an d  W alker [1952] • 
T h e o r e t i c a l l y  p r e d i c t e d  w a te r  t a b l e  l e v e l s  an d  d r a i n  
s p a c in g s  w ere  com pared w i th  e x p e r im e n ta l  f i e l d  d a t a .
5
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DUPUIT-PORCHHEIMER THEORY
G lo v e r (Dumm, [?954] ) ,  u s in g  th e  D u p u it-P o rc h h e im e r  
a s s u m p tio n s ,  o b ta in e d  a n  a p p ro x im a te  e q u a t io n ,  r e l a t i n g  
th e  s p a c in g  o f  t i l e  d r a i n s  t o  th e  r a t e  o f  d ro p  o f  th e  
w a te r  t a b l e .  The D u p u it-P o rc h h e im e r  e q u a t io n  was 
l i n e a r i z e d  by u s in g  th e  a v e ra g e  d e p th  o f  th e  s o i l  c r o s s -  
s e c t i o n ,  r a t h e r  th a n  th e  v a r i a b l e  d e p th .  S in c e  t h i s  
m ethod was b a se d  on th e  D u p u it-P o rc h h e im e r  a s s u m p t io n s ,  
n e i t h e r  th e  e f f e c t  o f  c o n v e rg e n c e  n e a r  th e  d r a i n s ,  n o r  
th e  v e r t i c a l  com ponent o f  f lo w  was c o n s id e r e d .  The 
r e s u l t i n g  r a t e  o f  f a l l  o f  th e  w a te r  t a b l e  w as o v e r ­
e s t im a te d .
The fo rm u la s  p r e s e n te d  by G lo v e r  (Dumm, [^954] ) 
w ere  im proved  by B rooks [T96TJ , who to o k  th e  drawdown 
o f  th e  w a te r  t a b l e  i n t o  a c c o u n t .  The D u p u it-P o rc h h e im e r  
e q u a t io n s  w ere  n o t  l i n e a r i z e d  s in c e  a  s o l u t i o n  was 
o b ta in e d  i n  th e  fo rm  o f  a  p e r t u r b a t i o n  s e r i e s .  T h e re ­
f o r e ,  B ro o k s ' t h e o r y ,  u n l ik e  G lo v e r 's  (Dumm, [T954] ) ,  
w as a c c u r a te  when th e  d i s t a n c e  fro m  th e  d r a i n s  t o  th e  
im perm eab le  b a r r i e r  was s m a l l  com pared t o  t h e  draw dow n. 
The s o l u t i o n  was com pared w i th  th e  one d e v e lo p e d  by 
Ish e rw o o d  [?959j and  G lo v e r (Dumm, [1954] )> an d  f i e l d  
d a ta  o b ta in e d  by K lin g e  [[955] • A good co m p a riso n  
o f  w a te r  t a b l e  l e v e l s  was fo u n d  when th e  r a t i o  o f  d r a i n  
s p a c in g  t o  d e p th  was l a r g e .
A r a t i o n a l  a n a l y s i s  r e l a t i n g  th e  s p a c in g  and  
d e p th  o f  d r a i n s  t o  w a te r  t a b l e  drawdown r a t e  was
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p ro p o se d  by v a n  S c h i l f g a a r d e  [T963] • An im p ro v ed
s o l u t i o n  was o b ta in e d  s in c e  th e  D u p u it-P o rc h h e im e r  
e q u a t io n  was n o t  l i n e a r i z e d  and  th e  t h i c k n e s s  o f  th e  
a q u i f e r  was c o n s id e r e d  a  v a r i a b l e .  I n  a d d i t i o n ,  
c o n v e rg en c e  o f  f lo w  n e a r  th e  d r a i n s  was c o r r e c t e d  f o r  
by th e  u s e  o f  H o o g h o u d t's  " e q u iv a le n t  d e p th "  c h a r t .
A d is c h a r g e  fo rm u la  was com bined w i th  d r a i n  
s p a c in g  c o m p u ta tio n s  by Dumm and  W inger [T964J i n  
o r d e r  t o  d e v e lo p  a r e a - d i s c h a r g e  c u r v e s .  T hese c u rv e s  
w ere  u se d  t o  p r e d i c t  w h e th e r  a  d r a in a g e  sy s te m  u n d e r  
i r r i g a t i o n  was i n  dynam ic e q u i l i b r i u m .  Some l i m i t a t i o n s  
o f  th e  D u p u it-P o rc h h e im e r  a s s u m p tio n s  w ere  overcom e 
by u s in g  H o o g h o u d t's  m ethod o f  c o r r e c t i n g  f o r  c o n v e rg e n c e . 
The a n a l y s i s  c a l c u l a t e d  th e  d r a i n  s p a c in g  r e q u i r e d  to  
k eep  th e  w a te r  t a b l e  lo w e r th a n  a  p re d e te rm in e d  s o i l  
e l e v a t i o n  i n  a n  a r e a  s u b je c t e d  to  r e p e a te d  i r r i g a t i o n .
Dumm jT964] a l t e r e d  th e  d e v e lo p m en t w h ich  G-lover 
(Dumm, {T954] ) p r e s e n te d  by u s in g  a n  i n i t i a l  w a te r  
t a b l e  w h ich  f i t  a  f o u r t h  d e g re e  p a r a b o la .  M oody 's 
and  H o o g h o u d t's  m ethods o f  c o r r e c t i n g  f o r  c o n v e rg e n c e , 
a s  th e  s t r e a m l in e s  a p p ro a c h  th e  d r a i n ,  w ere a p p l i e d .
D ata  from  e x p e r im e n ta l  f i e l d  i n v e s t i g a t i o n s  o f  w a te r  
t a b l e  r e c e s s i o n  r a t e s  i n  Canada an d  A u s t r a l i a  w ere  
ch eck ed  a g a i n s t  th e  t h e o r e t i c a l  r e s u l t s  o b ta in e d  by 
th e  a u t h o r 's  f o r m u la s .
B ecause  o f  r e p e a te d  c r i t i c i s m  c o n c e rn in g  th e  
a c c u ra c y  o f  q u a n t i t i e s  c a l c u l a t e d  fro m  D u p u it-P o rc h ­
h e im e r  t h e o r y ,  v an  S c h i l f g a a r d e
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re v ie w e d  th e  u n d e r ly in g  a s s u m p tio n s  and  accom pany ing  
r e s t r i c t i o n s  o f  t h i s  t h e o r y .  Van S c h i l f g a a r d e  com pared 
th e  tim e  r e q u i r e d  f o r  a  s p e c i f i c  drawdown a s  c a l c u l a t e d  
by G lo v e r (Dumm, [?954] ) ,  l a p p  and  Moody (Dumm, [1964] ) ,
v an  S c h i l f g a a r d e  [T9 6 3] an d  Guy on [T9 6 4} and  fo u n d  a
c lo s e  a g re em e n t b e tw een  G uyon’ s p o t e n t i a l  t h e o r y  and  
v an  S c h i l f g a a r d e ’ s n o n - l i n e a r i z e d  D u p u it-P o rc h h e im e r  
t h e o r y .  G lo v e r gave  ex am p les  o f  f a v o u r a b le  c o m p a riso n s  
b e tw een  f i e l d  d r a in a g e  r e s u l t s  and  a n sw e rs  c a l c u l a t e d  
from  D u p u it-P o rc h h e im e r  t h e o r y .  B o th  a u th o r s  c o n c lu d e d  
t h a t  th e  u se  o f  D u p u it-P o rc h h e im e r  a s s u m p tio n s  f o r  
f i e l d  p ro b lem s was p e r m is s ib le  i f  th e  l i m i t a t i o n s  o f  
th e  th e o r y  w ere r e c o g n iz e d .
A r e l a t i o n s h i p  was d e v e lo p e d  by v a n  S c h i l f g a a r d e  
[1965] t h a t  d e s c r ib e d  th e  w a te r  t a b l e  b e h a v io u r  
a f t e r  any  p r e c i p i t a t i o n  p a t t e r n .  I n  c a l c u l a t i n g  th e  
w a te r  t a b l e  r e s p o n s e  to  p r e c i p i t a t i o n ,  th e  p r o b a b i l i t y  
d i s t r i b u t i o n  o f  th e  p r e c i p i t a t i o n  was ta k e n  i n t o  a c c o u n t .
Moody [T966]} s o lv e d  th e  D u p u it-P o rc h h e im e r  p a r t i a l  
d i f f e r e n t i a l  e q u a t io n  i n  u n c o n f in e d  a q u i f e r s  by n u m e r ic a l  
t e c h n iq u e s  w h ich  a v o id e d  l i n e a r i z i n g  th e  d i f f e r e n t i a l  
e q u a t io n .  I n  a d d i t i o n ,  he a v o id e d  th e  a s s u m p tio n  t h a t  
th e  r a t i o  o f  drawdown d i s t a n c e  t o  d i s t a n c e  fro m  th e  
d r a in s  t o  th e  im p erm eab le  l a y e r  i s  s m a l l .  D im e n s io n le s s  
c u rv e s  o f  th e  maximum w a te r  t a b l e  h e i g h t ,  r a t e  o f  
d is c h a r g e  and  volum e o f  w a te r  rem oved b e tw een  th e  d r a i n s  
w ere  p r e s e n te d  f o r  v a r i e d  s p a c in g s  o f  p a r a l l e l  d r a i n s .
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The d e p th  from  th e  d r a in s  to  th e  im perm eab le  b a r r i e r  
was v a r i e d  fro m  z e ro  to  i n f i n i t y  i n  th e  a n a l y s i s .
POTENTIAL THEORY
P o t e n t i a l  th e o r y  a s s u m p tio n s  have  l e d  t o  th e  
d e s c r i p t i o n  o f  g ro u n d  w a te r  f lo w  by n o n - l i n e a r  p a r t i a l  
d i f f e r e n t i a l  e q u a t io n s  f o r  t r a n s i e n t  c o n d i t io n s  and  
by L a p la c e 's  e q u a t io n  f o r  s te a d y  s t a t e  c o n d i t i o n s .  
B ecause  o f  th e  d i f f i c u l t y  i n  s o lv in g  th e  n o n - l i n e a r  
e q u a t io n s ,  t r a n s i e n t  f lo w  p ro b lem s have b e en  s o lv e d  
by e i t h e r  n u m e r ic a l  t e c h n iq u e s  o r  by l i n e a r i z i n g  
th e  g o v e rn in g  e q u a t io n .
An a n a l y s i s  was g iv e n  by K irkham  Q 949J  f o r  
c a l c u l a t i n g  th e  q u a n t i t y  o f  f lo w  i n t o  p a r a l l e l  d r a i n s  
o v e r ly in g  a n  im perm eab le  l a y e r  w i th  ponded w a te r  a t  
th e  s o i l  s u r f a c e .  The fo rm u la s  w h ich  w ere p r e s e n te d  
f o r  th e  c a l c u l a t i o n  o f  f lo w  w ere f u n c t i o n s  o f  d r a i n  
d e p th  an d  s p a c in g ,  d e p th  t o  th e  im p e rv io u s  l a y e r ,  
'd r a i n  d ia m e te r ,  t h i c k n e s s  o f  th e  ponded  w a te r  an d  s o i l  
p e r m e a b i l i t y .  The e f f e c t  o f  t h e s e  p a ra m e te r s  on th e  
q u a n t i t y  o f  f lo w  was s t u d i e d  e x te n s i v e l y  by th e  
d e r iv e d  fo rm u la s  and  th e  r e s u l t s  w ere  p r e s e n te d  i n  
g r a p h i c a l  fo rm  f o r  e a se  o f  i n t e r p r e t a t i o n .
Hammad [ 1962] i n v e s t i g a t e d  th e  se e p a g e  f lo w  to  
p a r a l l e l  t i l e  d r a in s  and  a  s p a c in g  fo rm u la  b a se d  on 
th e  t r a n s i e n t  w a te r  t a b l e  was o b ta in e d .  L a p la c e 's  
e q u a t io n  f o r  two d im e n s io n a l  se e p a g e  f lo w  was s o lv e d
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and  r e l a t i o n s  b e tw een  d i s c h a r g e ,  h ead  and  s p a c in g s  
o f  t i l e s  w ere  d e r iv e d  by com plex f u n c t i o n  th e o r y  
and  c o n fo rm a l m app ing ; h o w ev er, b o u n d a ry  c o n d i t io n s  
a t  th e  w a te r  t a b l e  w ere  a p p ro x im a te d . The e f f e c t  o f  
e v a p o r a t io n  fro m  th e  s o i l  s u r f a c e  on th e  d r a i n  s p a c in g  
fo rm u la  was in t r o d u c e d  an d  u n i t  d is c h a r g e  fo rm u la s  
f o r  t h i n  and  t h i c k  p e rv io u s  s t r a t a  w ere  d e r iv e d .
An a d d i t i o n a l  s tu d y  by Hammad [j96£ ] was made 
o f  th e  im p o r ta n t  q u a n t i t i e s  a f f e c t i n g  th e  d e s ig n  
o f  a  t i l e  d r a in a g e  sy s te m  i n  a n  a r i d  r e g io n .  E q u a t io n s  
w ere  p r e s e n te d  w h ich  d e te rm in e  th e  f o l lo w in g  p a r a m e t e r s : 
d i s t r i b u t i o n  o f  m o is tu re  i n  th e  c a p i l l a r y  z o n e , d r a in a g e  
and  i r r i g a t i o n  r e q u i r e m e n ts ,  a l lo w a b le  w a te r  t a b l e  
f l u c t u a t i o n s ,  and  th e  d e p th  and s p a c in g  o f  d r a i n s .
A l l  fo rm u la s  w ere  b a se d  upon  th e  p h y s i c a l  p r o p e r t i e s  
o f  th e  s o i l ,  th e  s a l t  t o l e r a n c e  o f  p l a n t s  an d  th e  
s a l i n i t y  o f  th e  i r r i g a t i o n  w a te r .
K irkham  [j 964] made u se  o f  a  t h e o r e t i c a l  m odel 
w h ic h  i n s e r t e d  r i g i d  t h i n  im p e rv io u s  m em branes a lo n g  
n a t u r a l  s t r e a m l in e s  and  r e p la c e d  s o i l  by g r a v e l  i n  
th e  r e g io n  above  th e  l e v e l  o f  th e  d r a i n  tu b e  c e n t e r s .  
T h is  m odel j u s t i f i e d  th e  i n t e g r a t i o n  o f  th e  w a te r  
t a b l e  w i th  r e s p e c t  to  t im e  i n  th e  su b s e q u e n t th e o r y  
w h ich  was d e v e lo p e d . The p re s e n c e  o f  th e  m em branes 
c a u se d  th e  w a te r  to  move a lo n g  u n n a tu r a l  s t r e a m l in e s  
c a u s in g  t h e o r e t i c a l  w a te r  t a b l e  l e v e l s  w h ich  w ere  
to o  h ig h ;  h o w ev er, th e  a u th o r  was a b le  to  c o n c lu d e
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t h a t  h i s  r e s u l t s  r e p r e s e n te d  th e  t h e o r e t i c a l  u p p e r  
l i m i t  f o r  th e  h e ig h t  o f  th e  w a te r  t a b l e .  The e q u a t io n s  
w ere  v a l i d  f o r  r e c h a r g e  c o n d i t io n s  and  a l s o  a c c o u n te d  
f o r  th e  e f f e c t s  o f  c o n v e rg en c e  a ro u n d  th e  d r a i n s .
An a p p ro x im a te  m ethod o f  p r e d i c t i n g  w a te r  t a b l e  
p o s i t i o n s ,  a s  a  r e s u l t  o f  v a r i a b l e  r a i n f a l l s ,  was 
o b ta in e d  by Dagan [ j 9 6 4 ] .  The d r a i n s  w ere assum ed 
to  be on th e  w a te r  t a b l e  and  th e  s o i l  was hom ogeneous 
and  i s o t r o p i c .  L a p la c e ’ s e q u a t io n  o f  f lo w  w i th  
a p p r o p r i a t e  b o u n d a ry  c o n d i t io n s  was s o lv e d  f o r  th e  
p o t e n t i a l .  H ow ever, i t  was n e c e s s a r y  t o  l i n e a r i z e  
th e  d i f f e r e n t i a l  b o u n d ary  c o n d i t io n  d e s c r ib in g  th e  
w a te r  t a b l e  and  in t r o d u c e  a n  a p p ro x im a tio n  i n t o  th e  
a n a l y s i s .
Lagan [T9 65] u se d  a  m ethod o f  a n a l y s i s  s i m i l a r  
to  th e  one p r e s e n te d  i n  a  p r e v io u s  a r t i c l e  (L ag an ,
[1964] ) t o  i n v e s t i g a t e  th e  d r a in a g e  o f  deep  . a n i s o ­
t r o p i c  s o i l  l a y e r s .  The s o l u t i o n  o f  a  d r a in a g e  
p ro b lem  i n  a n i s o t r o p i c  s o i l  was t r a n s fo r m e d  i n t o  
one o f  i s o t r o p i c  s o i l  by p r o p e r  s c a l e  c h a n g in g .
The p o t e n t i a l  d i s t r i b u t i o n  and  movement o f  th e  f r e e  
s u r f a c e  c a u se d  by r e c h a r g e  was d e te rm in e d  by c o n -  
fo rm a l  m app ing .
NUMERICAL TECHNIQUES
A n u m e r ic a l  m ethod c a l l e d  th e  " r e l a x a t i o n
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m ethod" was u s e d  by l u t h i n  and  G a s k e l l  [ l9 5 o ]  to  
s o lv e  L a p la c e ’ s e q u a t io n  f o r  d r a in a g e  i n  b o th  a  
u n ifo rm  and  a  s t r a t i f i e d  s o i l  o v e r ly in g  an  im p e r­
v io u s  b a r r i e r .  T h is  m ethod a llo w e d  th e  s o l u t i o n  
i n  l a y e r e d  s o i l s  w i th  i r r e g u l a r  b o u n d a r ie s .  The 
q u a n t i t y  o f  w a te r  f lo w in g  i n t o  th e  d r a in s  com pared 
f a v o u r a b ly  w i th  th e  a n sw e rs  o b ta in e d  by K irkham  
[T949] • I n  b o th  p ro b lem s p r e s e n te d ,  w a te r  was ponded  
on th e  s u r f a c e  o f  th e  s o i l ;  t h e r e f o r e ,  s te a d y  s t a t e  
c o n d i t io n s  p r e v a i l e d .
K irkham  an d  G a s k e l l  [T 9 5 l]d e te rm in e d  th e  p o s i ­
t i o n s  o f  a  t r a n s i e n t  w a te r  t a b l e  by n u m e r ic a l  t e c h ­
n iq u e s  and  com pared th e  r e s u l t s  t o  th o s e  o b ta in e d  
by C h ild s  Q 946] w i th  an  e l e c t r i c  a n a lo g .  An e q u a t io n  
o f  th e  f a l l i n g  w a te r  t a b l e  a s  a  f u n c t i o n  o f  h y d r a u l i c  
h e a d , s lo p e ,  s o i l  p e r m e a b i l i t y  an d  d r a in a b le  p o r o s i t y  
was d e r iv e d  by c o n s id e r in g  th e  g e o m e try  o f  two s u c ­
c e s s iv e  p o s i t i o n s  o f  th e  w a te r  t a b l e .  I n i t i a l l y ,  
L a p la c e ’ s e q u a t io n  was s o lv e d  w i th  th e  a p p r o p r i a t e  
b o u n d a ry  c o n d i t i o n s ;  th e r e u p o n , th e  e q u a t io n  o f  th e  
w a te r  t a b l e  was a p p l i e d  and  th e  new u p p e r  b o u n d a ry  
o f  th e  f r e e  w a te r  zone was c a l c u l a t e d .  T hese  s t e p s  
w ere  r e p e a te d  and  th e  w a te r  t a b l e  p o s i t i o n  c a l c u l ­
a t e d  from  a  s e r i e s  o f  s te a d y  s t a t e s .
A d i g i t a l  co m p u ter was u s e d  by Ish e rw o o d  [?95£] 
to  f i n d  th e  m id -p o in t  w a te r  t a b l e  r e c e s s i o n  r a t e
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i n  a  hom ogeneous, t i l e - d r a i n e d  s o i l  o v e r ly in g  an  
im perm eab le  b a r r i e r .  The e f f e c t  o f  t i l e - d e p t h ,  s p a c in g ,  
d e p th  to  b a r r i e r ,  h y d r a u l i c  c o n d u c t iv i t y  and d r a in a b le  
p o re  sp a c e  was s t u d i e d .  I n  th e  r e g io n  above th e  
b a r r i e r  and  below  th e  w a te r  t a b l e ,  f l u i d  f lo w  was 
assum ed to  obey L a p la c e ’ s e q u a t io n .  An a n a l y s i s  
s i m i l a r  t o  t h a t  p r e s e n te d  by K irkham  and  G a s k e l l  
[1951] was u se d  to  o b ta in  s u c c e s s iv e  p o s i t i o n s  o f  
th e  w a te r  t a b l e .
T a y lo r  and  L u th in  Q 963] u se d  a  n u m e r ic a l  s o l u ­
t i o n  p ro p o se d  by L u th in  and  G a s k e l l  [T95T] to  s o lv e  
L a p la c e 's  e q u a t io n  f o r  ponded  f lo w  i n  a  s t r a t i f i e d  
s o i l .  H ow ever, c o m p u ta tio n  tim e  was s u b s t a n t i a l l y  
s h o r te n e d  by th e  u se  o f  an  e l e c t r o n i c  c o m p u te r .
The e f f e c t  o f  r e s i d u a l  and  m esh s i z e  on th e  a c c u ra c y  
o f  a n sw e rs  was i l l u s t r a t e d  by a  co m p a riso n  o f  a n sw e rs  
w i th  th e  t h e o r e t i c a l  s o l u t i o n s  fo u n d  by K irkham  
[ l9 4 9 ] • O v e r r e l a x a t io n  c o n s t a n t s  w ere  shown to  re d u c e  
co m p u te r ru n n in g  tim e  and  t h e r e f o r e  re d u c e  th e  c o s t  
o f  n u m e r ic a l  a n a l y s i s  t e c h n iq u e s  w i th  r e s p e c t  to  
d ra in a g e  p ro b le m s .
An i t e r a t i o n  p ro c e d u re  w h ich  s o lv e d  th e  p ro b le m  
o f  f lo w  th ro u g h  u n s a t u r a t e d  r e g io n s  o f  s o i l  a s  w e l l  
a s  be low  th e  w a te r  t a b l e  was d e r iv e d  by S e w e ll  an d  v an  
S c h i l f g a a r d e  U963] . The p o t e n t i a l  a t  e a c h  g r i d  p o in t  
was s o lv e d  by n u m e r ic a l  s o l u t i o n  o f  L a p la c e 's  e q u a t io n  
w i th  h y d r a u l i c  c o n d u c t iv i t y  c o e f f i c i e n t s  p r e s e n t .  I n  
th e  u n s a t u r a t e d  zo n es  o f  th e  d r a in a g e  c r o s s - s e c t i o n ,
13
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th e  h y d r a u l i c  c o n d u c t iv i t y  was assum ed  to  v a ry  w i th  th e  
s o i l  m o is tu re  t e n s i o n .  The p o t e n t i a l s  a t  th e  g r i d  
p o i n t s  w ere  u se d  to  draw  e q u i p o t e n t i a l s  an d  s t r e a m l in e s  
and  th e s e  w ere  u se d  to  c a l c u l a t e  th e  q u a n t i t y  o f  f lo w  
fro m  th e  c r o s s - s e c t i o n  i n t o  th e  d r a i n s .
EMPIEICAL ANALYSES
In  c o n t r a s t  t o  many t h e o r e t i c a l  a n a ly s e s  w h ich  
a r e  b a se d  on q u e s t io n a b le  a s s u m p tio n s  an d  r e s u l t  i n  
fo rm u la s  w h ic h  a r e  to o  com plex to  be u s e d  by d e s ig n  
e n g in e e r s ,  L u th in  [l959[] d e v e lo p e d  a  d r a i n  s p a c in g  
e q u a t io n  w h ich  was b a se d  on e m p i r ic a l  a s s u m p t io n s .
The a u th o r  s u b s t a n t i a t e s  h i s  a s s u m p tio n s  w i th  e x p e r i ­
m e n ta l  d a ta  i n  a  p u b l i c a t i o n  by L u th in  an d  W o r s te l l  
[1959].
Bouwer and  v an  S c h i l f g a a r d e  (T96J ]  p r e s e n te d  a  
s i m p l i f i e d  p ro c e d u re  f o r  p r e d i c t i n g  th e  r a t e  o f  f a l l  o f  
th e  w a te r  t a b l e  a t  th e  m id p o in t  i n  t i l e  and  d i t c h  
d r a in e d  l a n d .  The d e r iv e d  e q u a t io n ,  r e l a t i n g  m id -p o in t  
w a te r  t a b l e  h e ig h t  and  d r a in a g e  r a t e  was b a se d  on th e  
t r a n s i e n t  a s s u m p tio n  t h a t  th e  w a te r  t a b l e  f a l l s  w i th o u t  
a  change o f  sh ap e  and  a  s te a d y  s t a t e  a s s u m p tio n  t h a t  
th e  f l u x  p e r  u n i t  a r e a  o f  th e  w a te r  t a b l e  i s  u n ifo rm  
and  in d e p e n d e n t  o f  t im e .  H o o g h o u d t's  s te a d y  s t a t e  
fo rm u la  r e l a t i n g  d ra in a g e  r a t e  t o  h y d r a u l i c  c o n d u c t iv i t y ,  
d r a i n  s p a c in g ,  h e ig h t  o f  th e  w a te r  t a b l e  above th e  
d r a i n s ,  d r a i n  r a d i u s ,  and  th e  " e q u iv a le n t  d e p th "  t o  th e  
im p erm eab le  l a y e r  was u s e d  to  i n t e g r a t e  th e  a u t h o r 's
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e q u a t io n  and  o b ta in  th e  r e l a t i o n  b e tw een  th e  same 
q u a n t i t i e s  a s  th e  H ooghoudt e q u a t io n  f o r  th e  s te a d y  c a s e .
RADIAL PLOW THEORY
A m ethod o f  a n a l y s i s  b a se d  on th e  a n a lo g y  b e tw een  
r a d i a l  f lo w  i n t o  a  w e l l  and  th e  f lo w  i n t o  a  t i l e  d r a i n  
was p ro p o se d  by W alker [T952J . H is a n a l y s i s  e s t im a te d  
th e  m ost e f f i c i e n t  d e p th  and  s p a c in g  o f  p a r a l l e l  d r a i n s  
i n  s t r a t i f i e d  s o i l s  w i th  d i f f e r e n t  p o r o s i t i e s  an d  p e r ­
m e a b i l i t i e s  from  p e r m e a b i l i t y  m e a su re m e n ts .
EXPERIMENTAL STUDIES
E x p e r im e n ta l  s t u d i e s  have b e e n  p e rfo rm e d  i n  th e  
f i e l d  o r  by m eans o f  p o ro u s  m a t e r i a l  t a n k s ,  H ele-Shaw  
m odels and  e l e c t r i c  a n a lo g u e s .  D a ta  r e c e iv e d  from  
t h e s e  t e s t s  have  b een  u s e d  to  ch eck  th e  v a l i d i t y  o f  
t h e o r e t i c a l  a n a ly s e s  an d  t o  d e v e lo p  e m p i r i c a l  r e l a t i o n ­
s h ip s  b e tw een  su c h  p a ra m e te r s  a s  d i s c h a r g e ,  h e a d  an d  t i l e  
s p a c in g .
POROUS MATERIAL MODELS
One a d v a n ta g e  o f  p o ro u s  m a t e r i a l  ta n k s  i s  th e  e a s e  
o f  s tu d y in g  th e  e f f e c t  o f  th e  c a p i l l a r y  z o n e . A s a n d -  
f i l l e d  ta n k  6X10X2 f e e t  was u se d  to  s tu d y  th e  d i s t r i b u ­
t i o n  o f  h y d r a u l i c  h ead  and  q u a n t i t y  o f  t i l e  o u tf lo w  
d u r in g  d ra in a g e  by l u t h i n  and  W o r s te l l  [ j9 5 7 ]  • E x p e r­
im e n ta l  e l e v a t i o n s  o f  th e  w a te r  t a b l e  w ere  com pared 
w i th  th o s e  p r e d i c t e d  by C h ild s  [ ijH 'Q  and  K irkham  a n d ' 
G a s k e l l  Q 9 5 l]  . Prom th e  e x p e r im e n t th e  a u th o r s
15
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c o n c lu d e d  t h a t  i t  was w rong to  assum e t h a t  th e  s o i l  
above th e  w a te r  t a b l e  was d r a in e d  to  th e  same m o is tu re  
c o n te n t ;  m o re o v e r, th e  c a p i l l a r y  l a y e r  was a n  im p o r ta n t  
p a r t  o f  th e  a r e a  o f  f lo w  and  c a p i l l a r y  c o n d u c t iv i t y  
v a r i e d  w i th  s o i l  m o is tu re  t e n s i o n .  S in c e  t h e o r e t i c a l  
and  e x p e r im e n ta l  w a te r  t a b l e  r e c e s s i o n  r a t e s  d id  n o t  
a g r e e ,  i t  was recom m ended t h a t  L a p la c e 's  e q u a t io n  
was v a l i d  below  th e  w a te r  t a b l e  b u t  R i c h a r d 's  e q u a t io n  
m ust be s o lv e d  above th e  w a te r  t a b l e .
L ig io n ,  Jo h n so n  and  K irkham  [T962] made u s e  o f  a 
colum n o f  i n i t i a l l y  s a t u r a t e d  p o ro u s  m a t e r i a l  t o  show 
t h a t  d r a in a b le  p o r o s i t y  was n e a r l y  c o n s ta n t  f o r  l a r g e  
p o re  s i z e s  b u t  a  f u n c t i o n  o f  s o i l  m o is tu re  t e n s i o n  and  
tim e  f o r  s m a l l e r  p o re  s i z e s .  E q u a t io n s  w ere  d e r iv e d  
f o r  th e  f l u i d  s u r f a c e  l o c a t i o n  an d  r a t e  o f  d is c h a r g e  
when th e  c a p i l l a r y  f r i n g e  was ta k e n  i n t o  a c c o u n t  a s  
th e  u p p e r  l e v e l  o f  s a t u r a t i o n ,  a  c o n s ta n t  d r a in a b le  
p o r o s i t y  was assum ed and  co m p le te  d ra in a g e  o c c u r r e d .
K r a i j e n h o f f  [T962 ] m easu red  th e  t r a n s i e n t  w a te r  
t a b l e  l e v e l  and  o u tf lo w  r a t e s  o f  p a r a l l e l  t i l e  d r a i n s  
u s in g  a  s c a le d  m odel f i l l e d  w i th  s c r e e n e d  sa n d  and  a  
s p i r i t - w a t e r  m ix tu r e .  T h e o r e t i c a l  d is c h a r g e  q u a n t i t i e s  
c a l c u l a t e d  from  L u p u it-D a rc y  a s s u m p tio n s  a g re e d  q u i te  
c l o s e l y  w i th  e x p e r im e n ta l  d a t a ;  h o w ev er, t h e r e  was a  
d is c r e p e n c y  i n  th e  w a te r  t a b l e  e l e v a t i o n s .  An i n v e s ­
t i g a t i o n  o f  th e  e f f e c t  o f  f lo w  i n  th e  u n s a t u r a t e d  
c a p i l l a r y  zone on th e  s a t u r a t e d  zone was p e rfo rm e d  an d
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i t  was c o n c lu d e d  t h a t  th e  n e g le c t  o f  c a p i l l a r y  e f f e c t s  
above th e  p h r e a t i c  s u r f a c e  c o u ld  r e s u l t  i n  a  s e r i o u s  
e r r o r  when c a l c u l a t i n g  w a te r  t a b l e  e l e v a t i o n s .
The sh ap e  and  p o s i t i o n  o f  a  w a te r  t a b l e  f a l l i n g  
th ro u g h  a  p o ro u s  m a t e r i a l  com posed o f  g la s s b e a d s  was 
p h o to g ra p h e d  by G ro v er and  K irkham  [T 9 6 4 ] . V a rio u s  
s i z e s  o f  b e a d s  w ere  u s e d  to  s im u la te  b o th  hom ogeneous 
and  s t r a t i f i e d  s o i l s  b e tw een  t i l e  d r a i n s .  E x p e r im e n ta l  
r e s u l t s  w ere p r e s e n te d  g r a p h i c a l l y  and  fo rm u la s  d e r iv e d  
w h ich  p r e d i c t e d  w a te r  t a b l e  h e ig h t s  and  d is c h a r g e  
u n d e r  f i e l d  c o n d i t i o n s .
HELE-SHAW models
An e x p e r im e n ta l  s tu d y  o f  th e  f a l l i n g  w a te r  t a b l e  
and  th e  r a t e  o f  o u tf lo w  i n  an  u n c o n f in e d  r e c t a n g u l a r  
a q u i f e r  was c a r r i e d  o u t by Ib ra h im  an d  B r u t s a e r t  [T965] 
w i th  th e  a id  o f  a  H ele-Shaw  m o d e l. E x p e r im e n ta l  d i s ­
c h a rg e ,  m id -p o in t  w a te r  t a b l e  h e ig h t  and  w a te r  t a b l e  
sh ap e  w ere com pared to  t h e o r e t i c a l  p r e d i c t i o n s  p ro p o se d  
by G lo v e r (Dumm, [T 9 5 4 ]) , K irkham  and  G a s k e l l  {T95T] , 
B o u s s in e s q  [T904] and  B rooks Q .96T], and  K r a i j e n h o f f  
[T962]]. D im e n s io n le s s  g ra p h s  w ere  p re p a re d  fro m  th e  
e m p i r ic a l  r e s u l t s  so t h a t  drawdown and  d is c h a r g e  fro m  
h o r i z o n t a l  u n c o n f in e d  a q u i f e r s  c o u ld  be p r e d i c t e d .
S hery  [?966] i n v e s t i g a t e d  th e  e f f e c t  o f  th e  
r a t i o  o f  a v e ra g e  d e p th  o f  s a t u r a t e d  a q u i f e r  t o  th e  
d i s t a n c e  b e tw een  th e  d r a i n s  on t r a n s i e n t  w a te r  t a b l e  
e l e v a t i o n s  w i th  a  H ele-Shaw  m o d e l. The drawdown p r o f i l e s
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w ere  com pared to  t h e o r e t i c a l  v a lu e s  p r e d i c t e d  by G lo v e r 
(Dumm, [T954] ) .
SLECTKIC ANALOGS
E l e c t r i c  a n a lo g s  a r e  u s e f u l  f o r  s tu d y in g  se e p a g e  
p ro b lem s b e c a u se  th e y  a r e  a d a p ta b le  t o  a  w ide v a r i e t y  
o f  f lo w  c o n d i t io n s  w h ich  c a n n o t be a n a ly z e d  by m ath ­
e m a t ic s .  C h ild s  [T947] em ployed a n  e l e c t r i c  A nalog  
to  s tu d y  r i s i n g  and  f a l l i n g  w a te r  t a b l e s  i n  s o i l s  
w i th  and w i th o u t  c a p i l l a r y  f r i n g e s  and  w i th  d r a i n s  
p la c e d  above and  on an  im p erm eab le  s o i l  l a y e r .  The 
w a te r  t a b l e  was fo u n d  to  be q u i te  f l a t  e x c e p t  n e a r  th e  
d r a i n s ;  i n  a d d i t i o n ,  i t  was r e a l i z e d  t h a t  th e  w a te r  
t a b l e  w ould  f a l l  a t  a  s lo w e r  r a t e  i f  th e  d r a i n s  w ere 
p la c e d  on th e  im perm eab le  b a r r i e r .  The e f f e c t  o f  th e  
c a p i l l a r y  f r i n g e  on th e  movement o f  th e  w a te r  was 
r e p o r t e d .
V o r s t e l l  and  L u th in  [T959] c o n s t r u c t e d 'a  r e s i s t a n c e  
n e tw o rk  a n a lo g  o f  c a rb o n  r e s i s t o r s  w h ich  was u s e d  to  
s o lv e  th e  f lo w  n e t  f o r  a  t h r e e  l a y e r e d  s o i l  w h ich  was 
t i l e  d r a in e d .  The m odel was a n  im provem ent o v e r  p r e ­
v io u s  m odels i n  t h a t  i t s  c o s t  was r e l a t i v e l y  low  and  
i t  was q u ic k ly  changed  from  one s e t  o f  c o n d i t io n s  to  
a n o t h e r .
S u c c e s s iv e  p o s i t i o n s  o f  a  f a l l i n g  w a te r  t a b l e
w ere d e te rm in e d  w i th  a  m o d if ie d  fo rm  o f  th e  K irk h am -
G a s k e ll  [T9 e q u a t io n  by B r u t s a e r t ,  T a y lo r  and L u th in
[T9 6 T] • ^he  c a p i l l a r y  f r i n g e  r e p la c e d  th e  w a te r  t a b l e
18
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a s  th e  u p p e r  "boundary o f  th e  r e g io n  i n  w h ich  f lo w  
o c c u r re d  and  d r a in a b le  p o r o s i t y  was c o n s id e r e d  v a r i a b l e .  
P ie z o m e tr ic  h ead  i n  th e  c r o s s - s e c t i o n  was e v a lu a te d  
by a  r e s i s t a n c e  n e tw o rk . I n  a d d i t i o n ,  th e  v e r t i c a l  and  
h o r i z o n t a l  com ponent o f  th e  p o t e n t i a l  g r a d i e n t s  a t  th e  
u p p e r  c a p i l l a r y  f r i n g e  b o u n d a ry  w ere p l o t t e d  v e r s u s  
d i s t a n c e  from  th e  d r a i n  f o r  th e  s u c c e s s iv e  p o s i t i o n s  
o f  th e  f a l l i n g  w a te r  t a b l e .  T here  was c lo s e  a g re e m e n t 
b e tw een  th e  a u t h o r s ’ w a te r  t a b l e  e l e v a t i o n s  an d  th o s e  
o b ta in e d  by L u th in  and W o r s te l l  [?957[]. H ow ever,
K irkham  and  G a s k e l l ’ s o r i g i n a l  a n a l y s i s  showed a  
d is c r e p e n c y  i n  shape  and  l e v e l  o f  th e  w a te r  t a b l e  
b e c a u se  th e  c a p i l l a r y  f r i n g e  was n e g le c t e d .
A r e s i s t a n c e  n e tw o rk  a n a lo g  w i th  some im proved  
f e a t u r e s  i n  a c c u ra c y  and  e a s e  o f  o p e r a t io n  was d e s c r ib e d  
by Vim ope, T y ra , T h ie l  and  T a y lo r  Q 962] . A l o g a r i t h ­
m ic e x p r e s s io n ,  w h ich  to o k  i n t o  a c c o u n t  th e  c u r v a tu r e  
o f  th e  d r a i n ,  was u se d  to  c a l c u l a t e  th e  r e s i s t a n c e  
a ro u n d  th e  d r a i n .
FIELD INVESTIGATIONS
F i e l d  i n v e s t i g a t i o n - o f  w a te r  t a b l e  r e s p o n s e  b e tw ee n  
d r a in s  was fo u n d  to  be q u i te  e x p e n s iv e ;  f u r th e r m o r e ,  
u n c o n t r o l l a b l e  p a r a m e te r s ,  w h ich  a r e  n o t  a c c o u n te d  
f o r  by t h e o r e t i c a l  a n a ly s e s ,  a r e  in t r o d u c e d  i n t o  th e  
r e s u l t s .  I n  s p i t e  o f  t h i s ,  e x p e r im e n ta l  f i e l d  s t u d i e s  
have b een  p e rfo rm e d  and th e  r e s u l t i n g  d a ta  u s e d  to  ch eck  
th e  v a l i d i t y  and  u s e f u ln e s s  o f  d r a i n  s p a c in g  f o r m u la s .
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A Hum ic-Gley t i l e  d r a i n e d  s o i l  was s t u d i e d  by 
T a y lo r  and  G oins and  th e  r e l a t i o n s h i p  b e tw ee n
m e a su ra b le  p h y s i c a l  s o i l  q u a n t i t i e s  and  w a te r  re m o v a l  
was i l l u s t r a t e d .  G oins and  T a y lo r  [T959] a l s o  r e p o r t e d  
an e x p e r i m e n t a l  f i e l d  s tu d y  w h ich  e v a l u a t e d  t h e  e f f e c t  
o f  two d e p th s  and  two s p a c in g s  o f  d r a i n s  on t i l e  f lo w  
r a t e s  and  w a t e r  t a b l e  drawdown. O u tf lo w  h y d ro g ra p h s  
showed a  s h a rp  i n c r e a s e  o f  d r a i n  o u t f lo w  s h o r t l y  a f t e r  
r a i n  began  and an  e x p o n e n t i a l  d e c l i n e  d e c l i n e  s i m i l a r  
f o r  a l l  t i l e  d e p th s  and  s p a c in g  a f t e r  r a i n f a l l  c e a s e d .
A l i n e a r  r e l a t i o n s h i p  b e tw een  m id - p o in t  w a t e r  t a b l e  
h e i g h t  and  d r a i n  f lo w  was r e p o r t e d  f o r  s p a c in g s  o f  l e s s  
t h a n  100 f e e t .
An i n v e s t i g a t i o n  o f  d i s c h a r g e  and  w a te r  t a b l e  
e l e v a t i o n s  f o r  t r a n s i e n t  c o n d i t i o n s  i n  fa rm  d r a i n a g e  
sy s te m s  was p r e s e n t e d  by Talsm a and  Haskew Q959] 
and  e x p e r i m e n t a l  r e s u l t s  w ere  com pared w i t h  a n a l y s e s  
by Hooghoudt Q 9 4 0 ] ,  G lo v e r  (Dumm, [[954] ) an d  K i r k ­
ham [[958] • p r e d i c t i o n s  o f  a l l  t h e o r i e s  seem ed t o
a g re e  w i t h  t h e  e x p e r i m e n t a l  d a t a  i n  t h e  r e g i o n s  w here  
t h e i r  u n d e r l y i n g  a s s u m p t io n s  w ere  v a l i d .
f a l l i n g  w a te r  t a b l e  p r e d i c t i o n  e q u a t io n s  p r e s e n t e d  
by L u th in  and  W o r s t e l l  [[959]» v a n  S c h i l f g a a r d e  [[963] , 
Hooghoudt (v an  S c h i l f g a a r d e ,  [[96 J] ) and  Toksoz an d  
K irkham  (van  S c h i l f g a a r d e ,  [T965] ) w ere  com pared by 
J o h n s to n ,  L e te y  and  P i l l s b u r y  (T965]  w i t h  f i e l d  d a t a  
c o l l e c t e d  f ro m  d r a in a g e  sy s te m s  i n  th e  San J o a q u in
20
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V a l le y  o f  C a l i f o r n i a .  I t  was fo u n d  t h a t  van  S c h i l f ­
g a a rd e  ' s  Q 963]  e q u a t io n  was q u i t e  a c c u r a t e  w h i l e  L u th in  
and  V / o r s t e l l ’ s  Q 9 5 9 ]  e q u a t i o n  u n d e r e s t i m a t e d  t h e  t im e  
f o r  a  s p e c i f i e d  w a t e r  t a b l e  d ro p  and  th e  o t h e r  i n t e g r a t e d  
s t e a d y  s t a t e  e q u a t io n s  . .o v e re s t im a te d  t h e  t i m e .
Hoffman and  Schwab l j9 6 4 ]  p r e s e n t e d  a  m ethod o f  
p r e d i c t i n g  t i l e  s p a c in g  w h ic h  was b a s e d  on d r a i n  o u t ­
f l o w .  H y d r a u l ic  c o n d u c t i v i t y  o f  t h e  s t r a t i f i e d  a n i ­
s o t r o p i c  s o i l  was d e te rm in e d  a s  a  f u n c t i o n  o f  d r a i n  
o u t f lo w  an d  t i l e  s p a c in g s  w ere  c a l c u l a t e d  by v a n  S c h i l ­
f g a a r d e  ' s  [T963] p ro p o s e d  e q u a t i o n .
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I I  
SECTION A: DRAINAGE THEORY
POTENTIAL THEORY
The d ev e lo p m en t o f  m a th e m a t i c a l  e x p r e s s i o n s ,  w h ich  
q u a n t i t a t i v e l y  e x p r e s s  t h e  f lo w  o f  f l u i d s  th r o u g h  
p o ro u s  m edia  i s  b a se d  on th e  f o l lo w in g  p r e m is e :
The n e t  in w a rd  f l u x  i n t o  any  e le m e n t  o f  volume i n  
th e  r e g i o n  o f  f lo w  m ust e q u a l  t h e  r a t e  a t  w h ich  
th e  f l u i d  i s  a c c u m u la t in g  w i t h i n  t h a t  v o lum e .
I n  t h e  c a s e  o f  u n c o n f in e d  f lo w ,  some s i m p l i f y i n g  
a s s u m p t io n s  a r e  made. T hese a s s u m p t io n s  may be e x p r e s s e d  
i n  th e  f o l l o w in g  m anner:
1 .  The a q u i f e r  i s  homogeneous and  i s o t r o p i c .
2 .  D a r c y 's  law  i s  v a l i d .
3 .  A l l  f l u i d  f lo w  t a k e s  p l a c e  below  t h e  w a te r
t a b l e .
4 .  The d r a i n a b l e  p o r o s i t y  i s  a  c o n s t a n t  and  
r e p r e s e n t s  t h e  t o t a l  f r a c t i o n  o f  s o i l  volume 
w h ich  i s  d r a i n e d  a s  th e  w a t e r  t a b l e  p a s s e s  
t h r o u g h  any  c r o s s - s e c t i o n .  A l l  t h e  w a t e r
i s  d r a i n e d  o u t  i n s t a n t a n e o u s l y  a t  t h e  moment 
t h e  w a t e r  t a b l e  p a s s e s .  T h e r e f o r e ,  t h e  
p r e s e n c e  and  e f f e c t  o f  a  c a p i l l a r y  zone i s  
i g n o r e d .
5 .  The h y d r a u l i c  c o n d u c t i v i t y  (k )  i s  c o n s i d e r e d
t o  be c o n s t a n t .
22
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F i g .  1 .  E le m e n ta l  P a r a l l e l e p i p e d u m  o f  P o ro u s  
Medium C o m p le te ly  S a t u r a t e d  ( A f t e r  De W iest |J 9 6 5 ]  )
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The d e r i v a t i o n  o f  t h e  d i f f e r e n t i a l  e q u a t i o n  o f  
f lo w ,  w h ic h  i s  g iv e n  b e lo w , i s  e s s e n t i a l l y  t h e  same a s  
p r e s e n t e d  by De W ie s t  [ j96£] •
W ater  i s  assum ed t o  f lo w  th r o u g h  t h e  f a c e s  o f  an  
e l e m e n t a l  p a r a l l e l e p i p e d  o f  volume A X A y A z .  The m ass 
f lo w  r a t e  t h r o u g h  a n  e l e m e n t a l  a r e a  AA i s  e x p r e s s e d  
a s  ^V^a A w here  Vn  i s  t h e  n o rm a l  com ponent o f  t h e  
v e l o c i t y  t o  th e  a r e a  AA. The d e n s i t y  o f  t h e  f l u i d  
i s  c o n s i d e r e d  t o  be a  f u n c t i o n  o f  t h e  sp a c e  c o - o r d i n a t e s ,  
The f l u i d  v e l o c i t y  i n  t h e  x ,  y and  z  d i r e c t i o n s  i s  
e x p r e s s e d  by u ,  v  an d  w r e s p e c t i v e l y  a s  shown i n  f i g u r e  
1 .
The c o n t r i b u t i o n s  o f  t h e  m ass i n f l o w  r a t e  a r e :
I n  th e
AyA&x - d i r e c t i o n
y - d i r e c t i o n
a - d i r e c t i o n
(?u  -  ^ (Cu) a x  
_  0 x  2_
C v  -  <H ^ v )  AV
—  «Dy 2_
^ w -  ^((?w) A8_ 2
AXAa
A X A y
S i m i l a r l y ,  t h e  c o n t r i b u t i o n s  o f  t h e  mass o u t f lo w  
r a t e  a r e :
I n  t h e
x - d ir e c t io n (f u  + W u )  Ax 
3 x  2_
Ay a a
y - d ir e c t io n <°v + ^((°v) Ay
<Dy 2_
AxAa
a - d ir e c t io n w + ^ ( fw )  A& AXAy
2
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The change o f  mass s t o r a g e  i n  t im e  i s  e q u a l  t o  





AXAy ( 1 )
The m ass s t o r a g e  may he e x p r e s s e d  by t h e  e q u a t i o n :
AM = n^AxAyA a 
w here  n  = p o r o s i t y  o f  t h e  m e d ia .
I n  t h e  above e x p r e s s i o n  n ,  ^ , and  h a  a r e  c o n s i d e r e d  
v a r i a b l e ;  t h e r e f o r e ,  t h e  r a t e  o f  change o f  mass o f  
w a te r  i s
•Ax*y (3 )c) (AM) = 
J t
nAa + ^ A a  <^ _n + n  c)az
J t  c)t J t
I f  t h e  t h r e e  te rm s  on t h e  r i g h t  hand  s i d e  o f  e q u a t i o n
(3 )  a r e  e x p r e s s e d  i n  te rm s  o f  yB and  p
w here o<a  = c o m p r e s s i b i l i t y  o f  t h e  a q u i f e r
= c o m p r e s s i b i l i t y  o f  t h e  f l u i d
p = p o re  p r e s s u r e
t h e  f o l lo w in g  r e l a t i o n  i s  o b t a i n e d :
=  C  + n £) A XAyAa ( 4 )
J t  d t
When e q u a t i o n  (1 )  and  e q u a t i o n  ( 4 ) a r e  e q u a te d ,  
t h e  r e s u l t i n g  e q u a t i o n  i s
0) ( C u )  + v )  + J ( (° w)
J  x  ^ y  J  a J t
I f  U, v  and  w a r e  e x p r e s s e d  i n  te r m  o f  D a rc y ’ s
law  and  lo w -a n g le  f lo w  w i t h  a  s m a l l  ^  0  i s  a ssum ed ,
d a
t h e  d i f f e r e n t i a l  e q u a t io n  o f  u n s t e a d y  u n c o n f in e d  f lo w
r e s u l t s :
^ 2 (if +  gf +  0 2 tf  
*>x2 «)y2 <)a2
= M  (5 )
k  a t
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w here k  = h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  p o ro u s  m ed ia  
0 = & + p /y
& = e l e v a t i o n  above an  a r b i t r a r y  datum  
y = s p e c i f i c  w e ig h t  o f  t h e  f l u i d .
I n  an  u n c o n f in e d  a q u i f e r  t h e  volume o f  w a te r  w h ich  
i s  removed i s  due t o  t h e  lo w e r in g  o f  t h e  w a t e r  t a b l e  
w i t h  o n ly  a  n e g l i g i b l e  amount due t o  t h e  c o m p r e s s i b i l i t y  
o f  t h e  a q u i f e r  and  f l u i d .  T h e r e f o r e ,  t h e  c o m p r e s s i b i l i t y  
i s  u n im p o r ta n t  com pared to  t h e  movement o f  t h e  w a t e r  
t a b l e  and  t h e  r i g h t  s i d e  o f  e q u a t i o n  (5 )  may be i g n o r e d .
The r e s u l t i n g  d i f f e r e n t i a l  e q u a t i o n  f o r  u n s t e a d y  
f lo w  i n  an  u n c o n f in e d  a q u i f e r  i s
+  + * £ £  =  0
c) x 2 y2
S in c e  t h i s  e q u a t i o n  does  n o t  c o n t a i n  a  t im e  
v a r i a b l e ,  s o l u t i o n s  o f  t h i s  e q u a t i o n  f o r  u n s t e a d y  f lo w  
r e q u i r e  a  b o u n d a ry  c o n d i t i o n  w h ich  d e s c r i b e s  t h e  m oving 
w a t e r  t a b l e  a s  a  f u n c t i o n  o f  t i m e .
lUPUIT-POHCHHEIMER THEORY
B ecause  o f  t h e  d i f f i c u l t y  i n  s o l v i n g  L a p l a c e ' s  ' 
e q u a t io n  f o r  u n s te a d y  u n c o n f in e d  f lo w ,  a n  a n a l y s i s  
b a s e d  on L u p u i t ' s  s i m p l i f y i n g  a s s u m p t io n s  h a s  b e en  
d e v e lo p e d .  These c o n d i t i o n s  a s  sum m arized  by J a c o b  
J 9 5 o ]  a r e  t h e  f o l l o w i n g :
1 .  The a q u i f e r  r e s t s  on a  h o r i z o n t a l  im p e rm eab le  
l a y e r .
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2 .  The f lo w  i s  h o r i z o n t a l  a t  t h e  w a te r  t a b l e  
and  e v e ry w h ere  b e lo w .
3 . The v e l o c i t y  o f  f lo w  a lo n g  t h e  w a te r  t a b l e  
i s  p r o p o r t i o n a l  t o  t h e  t a n g e n t  o f  i t s  a n g le  
o f  i n c l i n a t i o n  i n s t e a d  o f  th e  s i n e .
4 .  The f lo w  v e l o c i t y  i s  u n i fo rm  from  to p  t o  b o t to m  
o f  th e  a q u i f e r .
I n  t h e  d e r i v a t i o n  a  v e r t i c a l  p r i s m  o f  t h e  a q u i f e r
o f  c r o s s  s e c t i o n  a x Ay and  o f  v a r i a b l e  h e i g h t  h  i s
c o n s i d e r e d .  The f lo w  i n  th e  x  d i r e c t i o n  th r o u g h  t h e
e l e m e n t a l  a r e a  hAy a t  x  may be e x p r e s s e d  a s
Q (x )  = -  k  ^_h hAy 
>^x
and  s i m i l a r l y  i n  t h e  y d i r e c t i o n
Q (y )  = -  k  *>h h^x  
i y
The f lo w  r a t e  th r o u g h  t h e  e l e m e n t a l  a r e a  a t  
x  + a x  may be e x p r e s s e d  a s
Q (x  + a x )  =  -  k  ^_h h A y  +  a x  ( -  k  ^h. h ay )
^X e)X . <Dx
The n e t  in w a rd  f l u x  t h r o u g h  t h e  two f a c e s  t h a t
a r e  n o rm a l  t o  t h e  x  d i r e c t i o n  i s
AXAy k  J)_ fh  Z h )  = AXAy k  f  1_ ^ h £  j (6 )
5x  V J x y  J x  \2  *> xy
S i m i l a r l y  t h e  n e t  in w a rd  f l u x  f o r  t h e  y d i r e c t i o n
i s
k  Axay _c)_ /l_ h^ \  (7 )
d v  \ 2 ^ y  J
By t h e  p r i n c i p l e  o f  c o n t i n u i t y ,  t h e  sum o f  t h e s e  
two te rm s  m ust e q u a l  t h e  r a t e  o f  i n c r e a s e  o f  s t o r a g e  w h ic h
27
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i s
A x  Ay S c)h ( 8 )
o)-t
w here
S = s t o r a g e  c o e f f i c i e n t  o r  th e  amount o f  w a t e r  i n  
s t o r a g e  r e l e a s e d  f ro m  a  colum n o f  a q u i f e r  w i t h  
u n i t  c r o s s  s e c t i o n  u n d e r  a  u n i t  d e c l i n e  o f  h e a d .  
The n e t  in w a rd  f l u x  i s  fo u n d  by a d d in g  e q u a t i o n  
(6 )  and  e q u a t i o n  ( 7 ) .  I f  t h i s  sum i s  e q u a te d  to  
e q u a t i o n  ( 8 ) ,  t h e  r e s u l t  i s
T h is  e q u a t i o n  i s  n o n - l i n e a r  and  v e r y  d i f f i c u l t  t o  s o l v e .
GLOVER'S DRAINAGE FORMULA
The above  e q u a t i o n  may be s i m p l i f i e d  so t h a t  i t
becomes i d e n t i c a l  w i t h  t h o s e  u s e d  i n  t h e  t h e o r y  o f  h e a t
c o n d u c t io n  i n  s o l i d s .  I t  i s  assum ed t h a t  f lo w  t h r o u g h
any  c r o s s  s e c t i o n  may be e x p r e s s e d  by
q = k d  ^ h  
J x
w here d = a v e r a g e  d e p th  o f  t h e  a q u i f e r  b o th  i n
The r e s u l t i n g  e q u a t i o n  f o r  u n s t e a d y  u n c o n f in e d  f lo w  i s
k  ^ 2 (h 2 ) + )^2 ( h 2 ) = S Oh
x 2 ^  y 2
sp a c e  an d  i n  t im e
kd ^ 2h  + )^2h  = S ^h. (9 )
v a lu e
d = D + H 
2
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rG ROU ND  LEVEL
777777777/y'//7'/77Z",
INITIAL WATER TABLE LEVEL




P i g .  2 .  U n s te a d y ,  U n co n f in ed  Plow Between P a r a l l e l  
T i l e  B r a in s  ( A f r e r  S he ry  Q 9 6 0  )
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where H is the original height of the water table
above p a r a l l e l  d r a i n s  D i s  t h e  v e r t i c a l  d i s t a n c e  from
t h e  im perm eab le  l a y e r  t o  th e  d r a i n s  a s  shown i n  f i g u r e  2 .
D e f in in g  c< = kd 
S
e q u a t io n  (9 )  becomes
She s o l u t i o n  o f  t h i s  e q u a t i o n  f o r  th e  bou n d a ry  c o n d i t i o n s  
o f  u n s te a d y  u n c o n f in e d  f lo w  be tw een  two d r a i n s ; 
when x  = 0 h  = 0 f o r  t  >  0
when x  = L h  = 0 f o r  t  > 0
when t  = 0 h  = H f o r  0 < x < L
w here  L = t h e  h o r i z o n t a l  d i s t a n c e  b e tw een  two p a r a l l e l  
d r a i n s .
BOUNDARIES
I t  i s  n e c e s s a r y  t o  i d e a l i z e  t h e  c o n d i t i o n s  on 
t h e  b o u n d a r i e s  o f  th e  sy s te m  u n d e r  i n v e s t i g a t i o n  i n  
o r d e r  t h a t  t h e y  can  be d e f i n e d  by m a th e m a t ic a l  e x p r e s s i o n s .
I M ’ERKEABLE BOUNDARIES
The component o f  g ro u n d w a te r  v e l o c i t y  w h ic h  c r o s s e s  •
a n  im perm eab le  b o u n d a ry  i s  z e r o ;  t h e r e f o r e ,







s i n  rarx 
L
n = 1,  3,  5
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w here  IT = d i r e c t i o n  o f  a  l i n e  draw n n o rm al t o  th e  
b o u n d in g  s u r f a c e .
H ence, i n  two d im e n s io n a l  f lo w ,  a n  im perm eab le  b o u n d a ry  
i s  a  s t r e a m l i n e .
HUBS OF SYMMETRY
The a r e a  o f  f lo w  t o  be a n a ly z e d  may be s u b s t a n t i a l l y  
r e d u c e d  by r e c o g n i z i n g  s y m m e t r ic a l  f lo w  r e g i o n s .  The 
a x i s  o f  symmetry i s  d e f i n e d  a s  a  b o u n d a ry  w h ich  i s  a  
s t r e a m l i n e  and  m a th e m a t i c a l ly  e x p r e s s e d  a s
M  = 0
WATER TABLE EQUATION
I f  L a p l a c e ’ s  e q u a t i o n  i s  t o  be s o lv e d  f o r  u n s t e a d y  
u n c o n f in e d  f lo w ,  a  b o u n d a ry  c o n d i t i o n  w h ic h  d e s c r i b e s  
t h e  p o s i t i o n  o f  t h e  w a t e r  t a b l e  a s  a  f u n c t i o n  o f  t im e  
m ust be d e v e lo p e d .  A t t h e  w a t e r  t a b l e ,  t h e  p i e z o m e t r i c  
he ad  0 i s  a lw a y s  e q u a l  t o  t h e  e l e v a t i o n  h e ad  a s i n c e  th e  
p r e s s u r e  p i s  e q u a l  t o  z e r o .  I n  a d d i t i o n  t o  t h e  assum p­
t i o n s  made f o r  th e  dev e lo p m en t o f  th e  p o t e n t i a l  t h e o r y ,  
E o u l to n  0 9 5 4 ]  h a s  s t a t e d  t h e s e  a d d i t i o n a l  c o n d i t i o n s  
i n  h i s  d e r i v a t i o n  o f  t h e  w a t e r  t a b l e  e q u a t i o n .
1 . The w a t e r  t a b l e  i s  i n i t i a l l y  h o r i z o n t a l  and  
r e p l e n i s h m e n t  o f  t h i s  f r e e  s u r f a c e  by r a i n f a l l  
i s  n e g l e c t e d .
2 .  A p a r t i c l e  o f  f l u i d  w h ic h  i s  once  on  th e  w a t e r  
t a b l e  n e v e r  l e a v e s  i t .
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S in c e  t h e  p r e s s u r e  on t h e  f r e e - s u r f a c e  b o u n d a ry
i s  e q u a l  t o  z e r o ,  th e  e q u a t i o n  o f  th e  s u r f a c e  i s
$  ( x ,  a ,  t )  -  & = 0
S in c e  a  p a r t i c l e  o f  f l u i d ,  w h ic h  i s  once on th e  f r e e
s u r f a c e ,  n e v e r  l e a v e s  i t
h (0 -  a )  = 0 (10 )
D-t
w here  D d e n o te s  d i f f e r e n t i a t i o n  f o l l o w in g  t h e  m o tio n
o f  th e  p a r t i c l e .
I f  e q u a t i o n  (10 ) i s  e x p an d e d , t h e  r e s u l t  i s
dx + ^  da  + -  da  = 0
^x  d t  c)a d t  J t  d t
Now dx and  da  a r e  t h e  t r u e  v e l o c i t i e s  i n  t h e  x  and  a 
d t  d t
d i r e c t i o n  r e s p e c t i v e l y .
Thus
VY = dx = -  k
x  d t  5  J x
VB = d a  = -  k
d t  S J a
w here  S = s p e c i f i c  y i e l d  o r  p o r o s i t y  m inus t h e  f i e l d
c a p a c i t y
p o r o s i t y  = volume o f  v o id s  i n  a  s o i l  volume 
d i v i d e d  by t h e  t o t a l  s o i l  volume 
f i e l d  c a p a c i t y  = s o i l  m o is tu r e  c o n te n t  a f t e r  t h e
re m o v a l  o f  w a te r  by g r a v i t a t i o n  
h a s  s to p p e d
S u b s t i t u t i n g  g i v e s
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as the equation of the water table.
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SECTION B: NUMERICAL ANALYSIS OR 
PARTIAL DIFFERENTIAL EQUATIONS
F i n i t e  d i f f e r e n c e  m ethods make i t  p o s s i b l e  t o  
s o lv e  many p ro b le m s  i n v o l v i n g  p a r t i a l  d i f f e r e n t i a l  
e q u a t io n s  w h ich  a r e  d i f f i c u l t  t o  s o lv e  a n a l y t i c a l l y .
The r e g i o n  o f  th e  in d e p e n d e n t  v a r i a b l e s  u n d e r  c o n s i d e r ­
a t i o n  i s  r e p l a c e d  by a  s e t  o f  g r i d  p o i n t s  and  a p p ro x ­
im a te  v a lu e s  f o r  th e  d e s i r e d  s o l u t i o n  a t  t h e s e  p o i n t s  
a r e  d e te r m in e d .  The v a l u e s  a t  t h e  mesh p o i n t s  a r e  
r e q u i r e d  t o  s a t i s f y  d i f f e r e n c e  e q u a t io n s  w h ich  have 
b e e n  form ed by r e p l a c i n g  p a r t i a l  d e r i v a t i v e s  w i t h  
p a r t i a l  d i f f e r e n c e  q u o t i e n t s .  The L a p la c e  e q u a t i o n  i s  
u s e d  to  d e s c r i b e  f lo w  th r o u g h  t h e  i s o t r o p i c  homogeneous 
p o ro u s  m edia  i n  t h e  r e g i o n  u n d e r  c o n s i d e r a t i o n  and  t h e  
c o r r e s p o n d in g  d i f f e r e n c e  e q u a t i o n  i s  d e v e lo p e d .
A g r i d  o f  u n i f o r m ly  s p a c e d  s t r a i g h t  l i n e s  i s  
draw n o v e r  t h e  r e g i o n  u n d e r  c o n s i d e r a t i o n  so t h a t  
t h e  b o u n d a r i e s  o f  th e  r e g i o n  f a l l  a lo n g  t h e  s i d e s  o f  
t h e  m esh. F ig u r e  3 r e p r e s e n t s  p a r t  o f  t h e  r e g i o n  
i n  w h ich  f lo w  i s  t a k i n g  p l a c e  w i t h  t h e  n o t a t i o n  0 (x )  
i n d i c a t i n g  th e  t o t a l  h e ad  a s  a  f u n c t i o n  o f  d i s t a n c e .
The f o u r  p o i n t s  a d j a c e n t  t o  (x 0 , b  ) a r e  s i t u a t e d  i n  
t h e  i n t e r i o r  o f  th e  f lo w  r e g i o n .
By T a y l o r ' s  th e o re m  t h e  v a r i a t i o n  o f  p i e z o m e t r i c  
head  i n  th e  x - d i r e c t i o n  may be w r i t t e n  a s
34
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Sir, - A x / J  g A  + (h -£ )2f h ‘L<i\  -  ( A X p / ^ l A  + . .  ( 1 2 )
W  21- W j o  31- U V o
w here th e  s u b s c r i p t s  0 ,  1 , 3 i n d i c a t e  t h e  f u n c t i o n  
o r  d e r i v a t i v e i a t  t h e  p o i n t s  0 ,  1, 3»
A dding e q u a t i o n  (11 ) an d  (12 ) a n d  i g n o r i n g  te rm s  
c o n t a i n i n g  d e r i v a t i v e s  h i g h e r  t h a n  t h e  se co n d  pow er, 
t h e  seco n d  d e r i v a t i v e  o f  t h e  p i e z o m e t r i c  h e ad  w i t h  
r e s p e c t  t o  d i s t a n c e  i n  t h e  x - d i r e c t i o n  i s  g iv e n  a p p ro x ­
im a t e l y  by
^ ^0 = + 0^  -  2 0O 
^ x 2  ( a x ) 2
S i m i l a r l y ,  t h e  seco n d  d e r i v a t i v e  i n  th e  a  d i r e c t i o n  
may be e x p re s s e d  a s
"  2^o 
( A * ) 2
Thus t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n  r e p r e s e n t i n g  
L a p l a c e ' s  e q u a t i o n  o f  f lo w  may be w r i t t e n  i n  t h e  
f o l lo w in g  m an ner:
^ 20  + 1 20  = 1. — (&  + 0-z -  20  ) + _ J   (02  + 04 - 2 0 q ) = 0 (13 )
<)x2 J b2 ( h x ) 2 • ( h a ) 2
M a n ip u la t io n  o f  e q u a t i o n  (13 )  a l l o w s  t h e  v a lu e  o f  0 Q
t o  be e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  v a l u e s  a t  t h e  f o u r
s u r r o u n d in g  g r i d  p o i n t s .
0 O = -------------^ . \ j i  +  j J i z  + < ]  <u >
, -  2 ( ( a x )  +  ( a b )  ) 2 ( ( a x )  + ( a b )  )
I f  a  s q u a re  mesh i s  u s e d  w i t h  a x  = A b , e q u a t i o n  
(14 )  may be w r i t t e n  a s
36
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(1 5 )  
o r
0, + 02 + ^3 + 04 -  40o = 0 ( 1 6 )
E q u a t io n  (15 )  may be u s e d  t o  c a l c u l a t e  a  b e t t e r  a p p ro x ­
i m a t io n  o f  p i e z o m e t r i c  h e a d  a t  g r i d  p o i n t s  u n t i l  a  
f i n a l  l i m i t i n g  head  i s  o b t a i n e d  a t  e a c h  g r i d  p o i n t .
NUMERICAL REPRESENTATION 0? BOUNDARIES
LINES OE SYMMETRY AND IMPERMEABLE BOUNDARIES
Head d i s t r i b u t i o n  a lo n g  b o u n d a r i e s  w h ich  a r e  
im p erm eab le  o r  l i n e s  o f  sym m etry may be c a l c u l a t e d  
n u m e r i c a l l y  by s e t t i n g  up a  f i c t i t i o u s  g r i d  p o i n t  
03 * a s  shown i n  f i g u r e  4 .
S in c e  t h e  p o t e n t i a l  g r a d i e n t  n o rm a l  t o  t h e  b o u n d a ry  
i s  z e r o ,  t h e  n u m e r i c a l  v a lu e  o f  03 l i s  assum ed t o  
e q u a l  0^  a t  a l l  t i m e s .  The h e a d  a t  0 O, i f  A x  =A & , 
i s  e x p r e s s e d  a s
0O = i ( 03 '+ 02 + 03 + 04 )
o r
0O = U 02 + 04 + 20 5 )
WATER TABLE
G rid  p o i n t s  a lo n g  t h e  w a t e r  t a b l e  a r e  n u m e r i c a l l y  
r e p r e s e n t e d  bjr th e  e l e v a t i o n  o f  t h e  w a te r  t a b l e  above  
a n  a r b i t r a r i l y  c h o sen  datum  s i n c e  th e  p i e z o m e t r i c  h e a d  
e q u a l s  t h e  e l e v a t i o n  h e a d .  The change i n  e l e v a t i o n  
o f  t h e  w a t e r  t a b l e  w i t h  r e s p e c t  t o  t im e  i s  p r e d i c t e d
38
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"by a p p ly in g  t h e  e q u a t io n  o f  th e  w a t e r  t a b l e  i n  th e  
f i n i t e  fo rm ; ----
2  - (  )  * (  2= k A t  
S A X A S A  Bj
in  w hich Agf and Aj2f are  th e  h o r iz o n ta l  and v e r t i c a l
A X  A B
d e r iv a t iv e s  o f  th e  p ie z o m e tr ic  head a t  a g r id  p o in t  
on th e  w ater  t a b l e .
BRAINS
The p i e z o m e t r i c  h e ad  a t  th e  g r i d  p o i n t  r e p r e s e n t i n g  
t h e  d r a i n  i s  a l s o  e q u a l  t o  i t s  e l e v a t i o n  above  a  datum  
s i n c e  w a t e r  i n  th e  d r a i n  i s  assum ed t o  be f lo w in g  
w i t h o u t  any  b a ck  p r e s s u r e .
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CURVED SURFACES
I f  t h e  "boundary r e p r e s e n t e d  "by t h e  w a te r  t a b l e  
c u t s  a c r o s s  g r i d  l i n e s ,  a s  shown i n  f i g u r e  5 , i n s t e a d  
o f  f a l l i n g  a lo n g  t h e  s i d e s  o f  t h e  m esh , t h e  f i n i t e  
d i f f e r e n c e  e q u a t i o n ,  w h ich  a p p ro x im a te s  L a p l a c e ' s  
e q u a t i o n ,  must be d e v e lo p e d  w i t h  c o e f f i c i e n t s  t h a t  
a d e q u a t e l y  d e s c r i b e  t h e  e f f e c t  o f  t h e  p a r t i a l  mesh 
l e n g t h s : R and  H.
By T a y l o r ' s  th e o re m , t h e  v a r i a t i o n  o f  h e a d  i n  
t h e  x - d i r e c t i o n ,  i f  t e rm s  o f  t h i r d  o r d e r  and  h i g h e r  
a r e  n e g l e c t e d ,  i s  g iv e n  a s
01 = 0o  +£>x  ( 3 0 ) + (A x)2 ( O20 ) + . . . .
W o  2 ! W / o
0 3 = 0 Q - E {  3& \  + Eg.
(17 )
(18 )
x J x ‘
02 = 0O + M
W c T V * 7 0
= h  _ A B /  i f " )  + (a b )2 |^ +
\ » > ) o  2 i
S i m i l a r l y ,  t h e  v a r i a t i o n  o f  h e ad  i n  t h e  s - d i r e c t i o n  
may be w r i t t e n  a s :
+ £ 2/  + .............. (19 )
( 2 0 )
'o
A dding  e q u a t i o n  (1 7 )  and  ( 1 8 ) ,  a f t e r  m u l t i p l y i n g  t h e  
r e s p e c t i v e  e q u a t io n s  by f a c t o r s  w h ic h  w i l l  remove 
th e /  ^  yterm, g i v e s  t h e  f o l lo w in g  e x p r e s s i o n  f o r
v v
i ! f / \
<) X 2      _
40
2 + 0-Z 2 -  0o 2
a x (a x + H )
J H(ax+hT Ha x
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S i m i l a r l y  t h e  seco n d  d e r i v a t i v e  i n  t h e  & - d i r e c t i o n
i s
2 + $  A 2 -  ^ 0 2
R (R+ A ® ) A& (R+A&) a &R
i l l  = $2 
J &2
The f i n i t e  d i f f e r e n c e  e q u a t i o n  r e p r e s e n t i n g  L a p l a c e ’ s 
e q u a t io n  becom es:
^  = 01
x 2 J  &2
1 + 02 1 + 0-z 1
A x (a x +H) R(R+a&) j H(a x +h )
+ 1 -  0O Ra&+Hax
A&(R+a&) HaxRas
= 0 ( 2 1 )
M a n ip u la t io n  o f  e q u a t io n  (21 )  a l l o w s  t h e  v a lu e  o f  0 Q 
t o  be e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  v a lu e s  a t  t h e  




+ 0 2( R a b  +Ha x ) ( a x +H) H a x a b
—  — (R+A&) (R a b +Ha x )
a x R a b +  ^ 4 HRa x
(Ax +H ) (R a b +Ha x ) (R + a &) ( R a b +Ha x )
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RELAXATION METHOD
E q u a t io n  (16 )  i s  o n ly  v a l i d  when 0 Q and  t h e  
s u r r o u n d in g  g r i d  p o i n t s  have  t h e  c o r r e c t  n u m e r i c a l  v a l u e .  
E o r  i n t e r m e d i a t e  c a l c u l a t i o n s  e q u a t i o n  (16 )  i s  w r i t t e n  
a s
0 1 + 0 2 + 0 3 + 04 -  40o = R0 (17 )
w here  RQ = r e s i d u a l  a t  p o i n t  o w h ich  r e p r e s e n t s  t h e  
n u m e r i c a l  e r r o r  a t  p o i n t  o .
I f  t h e  v a lu e  o f  0 Q i s  a l t e r e d  by a n  amount A 0 O 
t h e  r e s i d u a l  w i l l  be a l t e r e d .
R0 + A E q = 0^ + 02 + 0-$ + 0 4 -  4(0 o  + A 0 o )  (1 8 )
. 3y s u b t r a c t i n g  (17 ) and  (18 )
A R 0 = - 4 * 0 0
I f  t h e  r e s i d u a l  i s  made e q u a l  t o  z e r o  o r  R0 = -Rq 
t h e  v a lu e  o f  t h e  f u n c t i o n  a t  o i s  changed  by 
& 0 O = iR 0
The new a p p ro x im a t io n  o f  0 O i s  o b t a i n e d  by t h e  f o rm u la
$o (n+1 ) = $q (n )  + * (^1 + &2 *•' + $4 “  4 0 o (n ) )  ( 22)
when n  = v a lu e  o f  0Q a f t e r  n  i t e r a t i o n s .
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E q u a tio n  (22)  may be w r i t t e n  a s ;
**o(n+1 ) = ^ o ( n )  + W P / l ( n )  + ^ 2 ^ 2 ( n + l )  + ^ 3 ^ 3 ( n )
+ ^ 4 ^ 4 (n )  -  ^oC n^J (23 )
w here  p-j , p 2 > and  yB 4 a r e  c o e f f i c i e n t s  w h ic h  d e s c r i b e
th e  e f f e c t  o f  t h e  g r i d  s p a c i n g ,
and  w = o v e r r e l a x a t i o n  c o n s t a n t
I f  w = 1 e q u a t i o n  (2 5 )  r e d u c e s  t o  e q u a t i o n  (22 )
w h ic h  i s  known a s  t h e  G a u s s - S e id e l  m ethod o f  i t e r a t i o n .
An i n d i c a t i o n  o f  how r a p i d l y  t h e  e r r o r s  i n  n u m e r i c a l
v a l u e s  a r e  d e c r e a s i n g  i n  a  g r i d ,  when e q u a t i o n  ( 2 2 ) i s
used i s  g iv e n  by ;
a (n )  =
■ (n-1)
*(n)
0 ( n - 1 )  “  &(n-2)
An a p p ro x im a te  fo rm u la  f o r  t h e  l i m i t i n g  v a lu e  
o f  d (n ) i n  a  r e c t u l a n g u l a r  r e g i o n  i s
d ( a - 1 )
\ = : co s  IT + cos ~TT
'(N- iT  (M-1T
w here  E = num ber o f  h o r i z o n t a l  mesh l i n e s  
M = num ber o f  v e r t i c a l  mesh l i n e s .
The b e s t  e s t i m a t i o n  o f  t h e  o v e r r e l a x a t i o n  f a c t o r  
a s  s u g g e s t e d  by lo d d  [1962J  i s ;  
w. = 1 + /A
b (1 + v/r - xT 2
w here  X  = l i m i t i n g  v a lu e  o f  d
44
f o r  th e  G a u s s - S e id e l  
^ ( n - 1 ) m e th o d .
(f t)




The sh ap e  and p o s i t i o n  o f  t h e  w a t e r  t a b l e  i s  
c a l c u l a t e d  by s u c c e s s iv e  s o l u t i o n s  o f  t h e  f i n i t e  d i f f ­
e r e n c e  e q u a t i o n  d e f i n e d  by t h e  f lo w  e q u a t i o n ;
Z 20 + ,)2gf = Q
 ^ 2 ) 2 d X  c/a
w i t h  t h e  b o u n d a ry  an d  i n i t i a l  c o n d i t i o n s ;
when a = 0
oil3 f o r t  > 0
D a
when X = L
on3 f o r t  >  0
2 J X
when X = 0 0  = D f o r t  > 0
a = D
when X = 0
oii3 f o r t> 0
0 -  a  -  D + H
a 0 D
when a = D + H 0  = D + H f o r t  = (
and s u b s e q u e n t  a p p l i c a t i o n  o f  t h e  e q u a t i o n ;
M  = &
J t  S jx ) Ve)a/ V a 
t o  t h e  w a t e r  t a b l e .
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COMPUTES PROGRAMME
The p ro b le m , a s  s t a t e d  a b o v e ,  was s o lv e d  w i t h  th e  
u s e  o f  a  d i g i t a l  c o m p u te r .  The programme was i n i t i a l l y  
w r i t t e n  i n  F o r t r a n  I I  la n g u a g e  f o r  an  IBM 1620-40^- 
co m p u te r  b u t  was changed  t o  F o r t r a n  IV and  e x e c u te d  on 
an  IBM 7 0 94 . T h is  was n e c e s s a r y  b e c a u se  o f  t h e  e x c e s s i v e  
ru n n in g  t im e  r e q u i r e d  on t h e  IBM 1620 . The l e n g t h  o f  
r u n n in g  t im e  r e q u i r e d  t o  o b t a i n  a n sw e rs  o f  p r e - d e t e r m in e d  
a c c u ra c y  was c o n s i d e r a b ly  s h o r t e n e d  by t h e  u s e  o f  a n  
o v e r - r e l a x a t i o n  f a c t o r .
The programme i s  d e s ig n e d  f o r  t h e  a n a l y s i s  o f  
u n c o n f in e d  d r a in a g e  p ro b lem s  i n  a  c lo s e d  s y s te m  b e tw ee n  
p a r a l l e l  t i l e  d r a i n s  f lo w in g  w i t h  t h e  a b s e n c e  o f  b a ck  
p r e s s u r e .  A l th o u g h  i n i t i a l  w a te r  t a b l e  p r o f i l e s  w ere  
a lw ay s  t a k e n  a s  h o r i z o n t a l ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  
w a t e r  t a b l e  c u rv e s  when t h e  i n i t i a l  f r e e  s u r f a c e  i s  
c u rv e d .
The n e c e s s a r y  i n p u t  d a t a  a r e ;
(1 )  t h e  i n i t i a l  h e i g h t  o f  t h e  w a t e r  t a b l e ,  
p o s i t i o n  o f  d r a i n  and  d im e n s io n s  o f  f lo w  
p r o f i l e  u n d e r  c o n s i d e r a t i o n
(2 )  t h e  h y d r a u l i c  c o n d u c t i v i t y  and  s p e c i f i c  
s t o r a g e  o f  t h e  s o i l
(3 )  t h e  h o r i z o n t a l  and  v e r t i c a l  mesh s p a c in g  
and  t h e  number o f  v e r t i c a l  and  h o r i z o n t a l  
mesh l i n e s  u s e d  t o  c o v e r  t h e  f lo w  p r o f i l e
(4 )  t h e  o v e r - r e l a x a t i o n  c o n s t a n t
46
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(5 )  th e  t im e  s t e p s .
The o r g a n i z a t i o n  o f  t h e  programme i s  g iv e n  i n  t h e  
f lo w  c h a r t  shown i n  f i g u r e  6 .  A c o m p le te  l i s t i n g  o f  
t h e  programme can  be fo u n d  i n  A ppend ix  A. N o t a t i o n  
u s e d  i n  t h e  programme i s  p r e s e n t e d  i n  A p pend ix  B .
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LL , MM , IDRN , A ,A A , D,DD 
H ,V , H T, DRN, APPR t HY.
SET ALL APPR TO
134
54
<0>0N (L, M) - 8 |——<^
L * IORN
R(L,M )“ ELEV(L,M ) -  V
N(L,M) = 6  ------(5 4 ) >0
M <  MM ,,M*I > <  ELEV(L.M )L <  LL
> 0<0
CALC. P(L,M), Q(L,M) 





ELEV(L,M) <  R(L,M-IR(L,M-I) <  ELEV(L,M )
5454 ,5454CALC- P(L,M ) 
0(L,M )
CALC. 0(L,M ) 
N (L ,M ) *16
<( r (L ,M )-  E L E V (L (M )-> 7 N)  - ^E L E V (L ,M )>  R (L ,M -I? )54
54
CALC. P(L,M) ELEV(L,M) > R(L,M*t)
CALC. Q (L ,M ), PiLM)5 454,




N (L , M) * 19
CALC. Q (L ,M ) CALC. O Q (L ,M ) , QQ(L,M) 
N( L , M) * 2 2
ELEV(L.M) >  R(L,M tl) .54,
5454
CALC. 0 (L ,M ) 




P i g .  6 .  S i m p l i f i e d  Plow C h a r t  
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<fpw > 0.001 y
IT , RES , DW
ELEV (L,M ) - R ( L , M )
>^<2)
113




(  N (L ,M )» ^  N (L (M)g 19R (L , M)= DRN
116J36
R(L,M> <  R(L,M -I)
CALC. Y" CALC. Y'
CALC. Y,ZJ34J





I >  XTlME R (L  , M)CALC.
P i g .  6 .  ( c o n t fd) 
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CHA.PT EE. V 
RESULTS AND DISCUSSION
PRESENTATION OP LATA
A co m p a r iso n  o f  a l l  c o r r e s p o n d in g  f r e e  w a t e r  s u r f a c e  
l e v e l s  a s  o b t a i n e d  e x p e r i m e n t a l l y  by B. S hery  0 9 6 6 ]  and  
t h e o r e t i c a l l y  by n u m e r ic a l  a n a l y s i s  i s  g iv e n  i n  T a b le  I .
The s u r f a c e  l e v e l  r e a d i n g s  a r e  t a b u l a t e d  f o r  v a l u e s  o f  
d. from  0 .0 3 5  t o  0 .6 0 0  a t  v a r i o u s  t im e  i n t e r v a l s  when
AJ
H = 0 .2 5 .  B o th  th e  t h e o r e t i c a l  and  e x p e r i m e n t a l  p r o f i l e s
d
a r e  p l o t t e d  i n  P i g u r e s  7 to21 w i t h  s u r f a c e  l e v e l  r e a d i n g s
i n  te rm s  o f  h ,  an d  h o r i z o n t a l  d i s t a n c e s  i n  te rm s  o f  x  
H L
f o r  v a r i o u s  v a lu e s  o f  t .
The v a lu e  o f  S w i l l  be 1 .0  f o r  a l l  n u m e r i c a l  c a l ­
c u l a t i o n s  s i n c e  t h e  s p e c i f i c  y i e l d  o f  t h e  H ele-Shaw  
m odel u s e d  by S hery  0  960] w i l l  a lw a y s  e q u a l  1 . 0 .  I n  t h e  
" P r e s e n t a t i o n  o f  L a ta "  by S hery  0 9 6 6 ] ,  th e  v a l u e s  o f  
I 4^<t w here <* = kd a r e  g iv e n  f o r  t h e  v a r i o u s  t im e s  a t
V L2 S
w h ich  s u r f a c e  p r o f i l e  r e a d i n g s  w ere  m ade. S in c e  th e  
n u m e r i c a l  v a lu e s  o f  d ,  S, t  and  L a r e  known, t h e  c o r r e s ­
p o n d in g  h y d r a u l i c  c o n d u c t i v i t y ,  t o  be u s e d  i n  t h e  n u m e r i c a l  
a n a l y s i s  s o l u t i o n ,  may be c a l c u l a t e d .
C o rre sp o n d in g  s u r f a c e  p r o f i l e s  p r e d i c t e d  by G lo v e r 
(Lumm, 0 9 5 4 ] )  and  th e  n u m e r ic a l  s o l u t i o n  o f  th e  f lo w
e q u a t io n  a r e  t a b u l a t e d  i n  T ab le  I I  f o r  v a r i o u s  v a l u e s
50
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TABLE I  ( c o n t 'd )
L ap lac e  and  H ele-Shav/ W ater T a b le  P r o f i l e s  f o r  D i f f e r e n t  V a lues o f  Time
t  ( s e c . ) 0 8 20 35
X h  (cm) h  (cm) h  (cm) h  (cm) h  (cm) h (cm) h  (cm) h  (cm)
(cm) THE0R. EXP. THE0R. EXP. THE0R. EXP. THE0R. EXP.
0 12 . 0 0 0 0
10 1 2 .0 4 .2 1 8 8 8 .9 0 3 .0 7 2 8 6 .6 0 2 .5 7 8 5 5 .3 5 .
20 7 .2 5 4 4 9 .9 0 4 .9 5 1 6 7 .9 0 4 .0 3 1 4 6 .5 0
40
1 0 .0 7 5 6 11 .10 7 .5 5 5 8 9 .5 5 6 .0 8 1 6 8 . 2 0
60 ---------- 11 .0369 11 .50 9 .1 9 6 3 1 0 .4 5 7 .5 9 0 7 9 .2 5
80 mmmm — 11 .4 5 8 8 1 1 .7 0 1 0 .1 8 4 4 1 0 .9 5 8 .7 1 6 5 9 -9 5
100 11 .6774 11 .90 1 0 .7 9 0 9 1 1 .3 5 9 .5 2 5 9 1 0 .5 5
130 11 .8305 1 1 .9 5 11 .2631 11 .60 10 .2405 1 0 .9 5
160
1 1 .R717 12 .00 1 1 .3 9 9 7 11 .70 10 .4658 11 .10
d = 48  cm 
K = 2 .6 4 4  c m /se c .
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TABLE I I  ( c o n t 'd )
L ap lac e  and  G lo v e r 's  W ater T a b le  P r o f i l e s  f o r  D i f f e r e n t  V a lues o f  Time
t  ( s e c . ) 0 8 20 35
■ J ¥ 0 0 .2 0 0 .31 0 .4 2
X
(cm)
h  (cm) 
THE0R.
h  (cm) 
GLOVER
h (cm) 









0 1 2 .0 1 2 .0 0 0 0 0 0 0
10 — 4 .2 1 8 8 2.0791 3 .0 7 2 8 1 .3 2 8 8 2 .5 7 8 5 0 .9 9 9 4
20 — — _ _ 7 .2 5 4 4 4.0651 4 .9 5 1 6 2 .6 3 2 2 4 .0 3 1 4 1.9871
40 ------- — 10.0756 7 .4 9 6 6 7 -5 5 5 8 5 .1 0 5 0 6 .0 8 1 6 3 .9 1 0 5
60 r— 11 .0369 9 .8 0 5 2 9 .1 9 6 3 7 .1 8 5 6 7 .5 9 0 7 5 .6 2 5 5
80 — — 11 .4588 11 .1021 1 0 .1849 8 .8 5 2 9 8 .7 1 6 5 7 .1 1 7 6
100 — — 11 .6774 11.6692 1 0 .7909 10 .0428 9 .5 2 5 9 8 .2 9 2 7
130 — — 1 1 .8 3 0 5 11.9433 11.2631 11 .0897 1 0 .2 4 0 5 9 .4 5 8 4
160 — — 1 1 .8717 12.0000 11.3991 11.4071 1 0 .4 6 5 6 9 .8 4 9 8
d = 48 cm
K = 2.644 cm/sec.











TABLE XX ( c o n t 'd )
L ap lac e  and G lo v e r 's  Y /ater T ab le  P r o f i l e s  f o r  D i f f e r e n t  V a lu es  o f  Tima
t  ( 8 C C • ) 6 0 8 0 1 0 0 1 4 0
/  4 < t
v ;T 0 . 5 5 0 . 6 3 0 . 7 0 0 . 8 3
X
(cm)
h  (cm) 
THEOR.
h  (cm) 
GLOVER
h (cm) 









0 0 0 0 0 0 0 0 0
10 2 . 1 1 0 8 0 . 7 1 5 2 1 . 9 9 2 0 0 . 5 5 8 6 1 . 8 2 8 7 0 . 4 3 7 2 1 . 4 6 1 2 0 . 2 6 8 0
2 0 3 . 2 9 7 1 1 . 4 2 4 1 2.9100 1 . 1 1 1 9 2 . 6 1 8 1 0 . 8 7 0 4 2.6638 0 . 5 3 3 6
4 0 4 . 8 2 9 4 2 . 8 1 4 2 4 . 1 6 8 6 2 . 1 9 8 3 3 . 6 8 1 5 1 . 7 2 0 7 2 . 8 7 8 4 1 . 0 5 4 9
6 0 6 . 0 0 4 4 4 . 6 7 1 9 5 . 1 4 9 5 3 . 1 8 3 7 4 . 4 9 3 6 2 . 4 9 2 2 3 . 4 8 8 1 1 . 5 2 7 9
8 0 6 . 9 7 1 3 5 . 1 9 3 1 5 . 9 4 6 5 4 . 0 6 1 1 5 . 1 7 3 5 3 . 1 7 9 4 3 . 9 9 5 5 1 . 9 4 9 1
1 0 0 7 . 7 3 0 9 6 . 0 9 5 9 6 . 6 1 0 4 4 . 7 6 9 9 5 . 7 2 0 8 3 . 7 3 4 7 4 * 3 8 6 6 2 . 2 8 9 6
1 3 0 8 . 4 7 0 3 7 . 0 1 5 4 7 . 2 5 8 9 5 . 4 9 3 5 6 . 2 6 5 5 4 . 3 0 1 7 4 . 7 8 5 9 2 . 6 3 7 2
1 6 0 8 . 7 1 8 7 7 . 3 2 7 3 7 . 4 7 7 4 5 . 7 4 1 8 6 . 4 5 2 5 4 . 4 9 6 4 4 . 9 2 1 5 2 . 9 0 9 3
d =48 cm
K =2.644 cm/sec.
L = 320 cm
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TABLE XT, ( c o n t ' d )
L a p l a c e  a n d  G l o v e r ' s  V /a t e r  T a b l e  P r o f i l e s  f o r  D i f f e r e n t  V a l u e s  o f  T I kq
t  ( s e c . ) 0 2 4 6
/  fr't
V  l 2 0 0 . 3 0 0 . 4 0 0 . 5 0
X
(cm)
h  (cm) 
THEOR.

















0 6 . 0 0 6 . 0 0 1 . 0 7 1 3 0 0 0 0 0
10 —. 4 . 9 9 4 3 2 . 7 5 8 3 3 . 9 0 6 3  . 1 . 9 9 5 9 3 . 0 7 1 0 1 . 5 8 6 8
20 — —- 5 . 6 1 6 6 4 . 6 7 4 6 5 . 0 8 0 9 3 . 6 2 5 0 4 . 4 8 9 0 2 . 9 2 2 0
30 — — 5 . 7 7 6 7 5 . 5 9 0 8 5 . 4 3 1 2 4 .7 0 3 1 4 . 9 9 4 9 3 . 8 0 5 6
40 — — 5 . 8 1 4 4 5 . 8 2 8 5 5 .5 1 7 1 5 . 0 0 0 8 5 . 1 2 8 9 4 . 1 1 2 6
d = 24 cm L = 80 cm ^ = o ^ oo
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t n -M- lr \ t na p4 MO M0 T - -M"O o xd- c n t n COo CO O o CMW • • • •
A  Sri i n CO c n c n
MO m t n o
v— xg" c n -vi­
o  c£f c n MO X^ * voo o CO o xd"Q • • • •
c£» CM t n in i n
i n c— t n T— CM
6  (25 O t n o coo o CO CM MO CO c—
xd- -d- CM 0 3 X—
l-H • • • • •
A  Sri t n C- c n c n o 1
s— 1
j
"ac* xd" CO c n c n










C*> t n LTN c—- co
CO CO i n CO i na p* ■d CO t n CO
o  o xd- t n C- VO ao
—'E9 c- o t n CO 0 3• • • • •
M0 c n o o o
r “ T" T—
l a # oo a o I 1 1 1





a p* Oo o o i 1 1 1
• 1 1 1 1P* CM
A Sri





































TABLE I I  ( c o n t ' d )
L ap lace  anc' G l o v e r ' g W ate r  T ab le  P r o f i l e s  f o r  D i f f e r e n t  V alueo  o f  Kina
t  ( s e c . ) 9 11 14
x / f
0 .8 7 0 .9 6 1 .0 8
X
(cm)














0 0 0 0 0 0 0
10 4 .1 6 1 5
6 .8 6 0 0
0 .9187 2 .9 0 3 0 0 .6 0 9 0 2 .4614 0 .3 2 8 2
20 1 .6975 5 . 6516 1 .1252 4 .3 5 1 8 O .6O64
30 7 .9 5 0 9 2 .21 8 4 6.8751 1 .4705 5 .5023 0 .7 9 2 4
40 8 .2 6 5 2 2 .4007 7 .2 2 4 7 1 .5913 5 .8542 0 .8 5 7 6
d = 48 cm L = 8 0  cm ^  0>600
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W O  ?
C U R V E
TIME ( S E C . )
£  0 5
0 1  0  2  0 - 3  0 4
DIMENSIONLESS D IS T A N C E  X / L
F i g .  11. E x p e r im e n ta l  and T h e o r e t i c a l  W ater  T a b le  P r o f i l e s
a'
\
O O O N O l Q ^ r O C V J  —
0 6 0 0 0 0 6 0 0  
H/M 1 H 9 I 3 H  SS31N0ISN3IAI I0
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k~0) 85 F? 85 if) ^  r5 n  IT
6 6 0 6 0 6 0 0 0
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*\0) oo is 1D io ^  ro cvJ ^  
6 0 0 6 0 0 0 0 0
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o f  d  and H = 0 .2 5 .  S u r fa c e  l e v e l  r e a d i n g s  a r e  p l o t t e d  
I  d
i n  E ig u re2 2  t o 29 i n  t h e  same m anner a s  t h e  d a t a  i n  
f a b l e  I  was p l o t t e d .
I n  f a b l e  I  and  I I ,  t h e  t h e o r e t i c a l  v a lu e s  r e f e r  t o  
an sw e rs  o b t a i n e d  by th e  f i n i t e  d i f f e r e n c e  s o l u t i o n  o f  
L a p l a c e ' s  f lo w  e q u a t i o n .
WATER fABLE PROFILES
T h is  t h e s i s  i s  a  c o n t i n u a t i o n  o f  a  p r o j e c t  r e p o r t e d
by S hery  jj9S6] . I n  t h e  i n i t i a l  work p e r fo rm e d  by S hery
jj!966] , a n  e x p e r im e n ta l  s t u d y ,  w i t h  t h e  a i d  o f  a  H e le -
Shaw m odel, was c o m p le te d  and  w a te r  t a b l e  p r o f i l e s  w ere
compared w i t h  t h o s e  o b t a i n e d  by G lo v e r  (Lumm 0 9 5 4 ] )
f o r  c o r r e s p o n d in g  v a lu e s  o f  d and  a  f i x e d  r a t i o  o f  H.
L d
I t  was fo u n d  t h a t  e x p e r i m e n t a l  and  p r e d i c t e d  w a te r  t a b l e
p r o f i l e s  w ere  r e a s o n a b l y  c lo s e  f o r  s m a l l  v a lu e s  o f  d .
L
However, when v a l u e s  o f  d w ere  l a r g e r  t h a n  0 . 1 ,  th e
L
c o m p a riso n  s t e a d i l y  d e t e r i o r a t e d  u n t i l  t h e  p r e d i c t e d
f r e e  s u r f a c e  e l e v a t i o n s  a t  d = 0 .6 0 0  d id  n o t  re s e m b le
L
t h e  e x p e r im e n ta l  r e s u l t s .  T h is  d i s c r e p a n c y  v/as p a r t i a l l y  
due t o  t h e  l i m i t a t i o n s  o f  t h e  L u p u i t - P o r c h h e im e r  assum p ­
t i o n s  on w h ich  G l o v e r ' s  t h e o r y  v/as b a s e d  and  t h e  b o u n d a ry  
c o n d i t i o n s  im posed  i n  th e  d eve lopm en t o f  h i s  t h e o r y .
I n  t h i s  s tu d y ,  a  n u m e r i c a l  s o l u t i o n  b a se d  on
135
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p o t e t n t i a l  t h e o r y  v/as p e r fo rm e d  v / i th  t h e  b e l i e f  t h a t  
p r e d i c t e d  w a te r  t a b l e  p r o f i l e s  w ould  compare f a v o u r a b l y
b e c a u se  o f  t h e  more r e a l i s t i c  a s s u m p t io n s  i n  th e  t h e o r y .  
A co m p a r iso n  o f  w a te r  t a b l e  b e h a v io u r ,  a s  p r e d i c t e d  
by e x p e r i m e n t a t io n  and  D u p u i t - i 'o rc h h e im e r  and  p o t e n t i a l  
t h e o r i e s ,  i s  p r e s e n t e d .  G r a p h ic a l  p r e s e n t a t i o n  o f  w a te r  
t a b l e  p r o f i l e s  i l l u s t r a t e s  t h e  a c c u ra c y  o f  b o th  G l o v e r ' s  
fo rm u la  and  t h e  n u m e r i c a l  s o l u t i o n .  I n  a d d i t i o n ,  th e  
l i m i t a t i o n s  im posed  by th e  a s s u m p t io n s  o f  two q u i t e  
d i f f e r e n t  d r a in a g e  t h e o r i e s  may be com pared .
The s o l i d  l i n e s  ( l a b e l l e d  1 )  i n  F i g u r e s  7 t o  29 a r e  
th e  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  n u m e r i c a l  s o l u t i o n  
o f  L a p l a c e ' s  d r a in a g e  f o r m u la .  Drawdown o f  t h e  i n i t i a l l y  
h o r i z o n t a l  w a te r  t a b l e  o c c u r s  q u i t e  q u i c k ly  n e a r  t h e  
d r a i n  r e s u l t i n g  i n  s t e e p  f r e e  s u r f a c e  p r o f i l e s  f o r  s m a l l  
d r a in a g e  t i m e s .  As t im e  p r o g r e s s e s ,  t h e  i n f l u e n c e  
o f  th e  d r a i n  on th e  w a te r  t a b l e  i s  f e l t  a t  i n c r e a s i n g  
d i s t a n c e s  away from  th e  d r a i n .  Ih e  v a lu e  o f  h  w i l l
d e c r e a s e  a t  a l l  v a l u e s  o f  x  a s  t h e  d r a in a g e  t im e  i n c r e a -
L
s e s ;  h o w ever ,  th e  g r a d i e n t  o f  t h e  w a te r  t a b l e  becomes 
l e s s  p ro n o u n ce d  b e c a u se  r e c e s s i o n  r a t e s  t e n d  to  be 
g r e a t e r  f a r t h e r  from  th e  d r a i n .  A l l  v a lu e s  o f  h  w i l l
become z e r o  f o r  any  v a lu e  o f  x  when t h e  d r a in a g e  t im e




g o e s  to  i n f i n i t y .
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I n  P i g u r e s  22 t o  29, th e  b ro k e n  l i n e s  r e p r e s e n t  th e  
s o l u t i o n  o f  G lo v e r ’ s e q u a t io n  ( l a b e l l e d  G ). P o r  a l l  
v a lu e s  o f  t im e ,  th e  t h e o r e t i c a l  drawdown p r o f i l e s ,  
o b t a i n e d  by n u m e r i c a l ly  s o l v i n g  L a p l a c e ’ s f lo w  e q u a t i o n ,  
l a g  b e h in d  t h o s e  s o lv e d  by G lo v e r .  L h is  d i f f e r e n c e  
i n  e l e v a t i o n  b e tw een  c u rv e s  i n c r e a s e s  a s  t h e  v a lu e  
o f  d becomes l a r g e r  u n t i l  t h e r e  i s  l i t t l e  re s e m b la n c e
b e tw een  c o r r e s p o n d in g  w a te r  t a b l e  p r o f i l e s  a t  a  v a lu e  
o f  d = 0 .6 0 0 .  She r a t e  o f  f a l l  o f  th e  w a te r  t a b l e  i s
p r e d i c t e d  w ith , f a i r l y  c lo s e  a g re em e n t  f o r  th e  s m a l l e r  
v a l u e s  o f  d b u t  ev en  f o r  t h e s e  c a s e s  G l o v e r ' s  d r a in a g e
a l s o  found  a  g row ing  d i s c r e p a n c y  i n  h i s  c o m p a r iso n  
o f  e x p e r im e n ta l  and  G l o v e r ' s  c u rv e s  a s  t h e  r a t i o  o f  d
ii
i n c r e a s e d ,  f h i s  i l l u s t r a t e s  t h a t  t h e  a s s u m p t io n  o f  
h o r i z o n t a l  f lo w  l i n e s  i n  G l o v e r ' s  t h e o r y  i s  r e a s o n a b l e  
o n ly  when th e  d r a i n  s p a c in g  i s  v e r y  l a r g e  i n  c o m p a r iso n  
t o  t h e  d e p th  o f  t h e  a q u i f e r .
A c o m p a riso n  o f  S h e r y 's  e x p e r i m e n t a l  w a te r  t a b l e s  
w i t h  t h o s e  o b t a i n e d  by L a p l a c e ' s  e q u a t io n  i n  P i g u r e s  
7 t o  21 g i v e s  much b e t t e r  r e s u l t s  th a n  o b t a i n e d  when 
S hery  [[966^ compared h i s  r e s u l t s  t o  G l o v e r ' s  p r e d i c t e d  
o r v e s .
Prom th e  e x p e r i m e n t a l  c u r v e ,  i t  i s  e v id e n t  t h a t  
some f l u i d  was p r e s e n t  d i r e c t l y  o v e r  th e  d r a i n s  f o r
L
fo rm u la  u n d e r e s t i m a t e s  th e  r e c e s s i o n  t im e .  S h ery
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v a ry in g  v a lu e s  o f  d even  a f t e r  a  c o n s id e r a b le  am ount o f
L
tim e  had e la p s e d .  I n  th e  f i n i t e  d i f f e r e n c e  s o l u t i o n ,
th e  p r e s s u r e  h ead  a t  th e  d r a i n  was s e t  e q u a l  to  z e ro
s in c e  th e  d r a i n  was assum ed to  be o n ly  p a r t i a l l y  f u l l .
T h is  c o n d i t io n  i s  n o t  a s  r e s t r i c t i v e  a s  th e  b o u n d a ry
c o n d i t i o n s ;
when x  = 0 h  = 0 f o r  t> 0
when x  = L h  = 0 f o r  t> 0
w h ich  w ere im posed  i n  G lo v e r ’ s s o l u t i o n  b u t  i t  d id
c a u se  a  r a p i d  drawdown i n  th e  v i c i n i t y  o f  th e  d r a i n .
H ow ever, th e  e x p e r im e n ta l  drawdown p r o f i l e s  w ould
s u g g e s t  t h a t  th e  d r a in s  w ere  f lo w in g  f u l l  and  u n d e r
p r e s s u r e .  T h is  w ould  te n d  to  s lo w  th e  r a t e  o f  drawdown
and  f l a t t e n  th e  w a te r  t a b l e s  s in c e  th e  g r a d i e n t  n e a r  th e
d r a i n s  w ould  be s m a l l e r .  I t  i s  p o s s ib l e  t h a t  u n d e r
f i e l d  c o n d i t io n s  t i l e  d r a in s  do f lo w  u n d e r  p r e s s u r e
an d  f r e e  s u r f a c e  p r o f i l e s  w ould  com pare more f a v o u r a b ly
w i th  e x p e r im e n ta l  r e s u l t s  p r e s e n te d  by S h ery  [l9 6 £ J . I f
a  f i e l d  s tu d y  v e r i f i e d  t h i s  c o n d i t i o n ,  th e  b o u n d a ry
c o n d i t io n  a t  th e  d r a i n s  c o u ld  be changed  i n  th e  f i n i t e
d i f f e r e n c e  s o l u t i o n .
D e s p ite  th e  d is c r e p e n c y  o f  drawdown r a t e s  i n  th e
v i c i n i t y  o f  th e  d r a i n s ,  th e  c o r re s p o n d in g  c u rv e s  com pared
fa v o u ra b ly  n e a r  th e  m id -p o in t  o f  th e  d r a i n s .  The th e o r y
d id  te n d  t o  o v e re s t im a te  th e  r a t e  o f  drawdown e s p e c i a l l y
a t  l a r g e r  v a lu e s  o f  th e  d r a t i o .  Some e r r o r  c o u ld  be
I
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a t t r i b u t e d  t o  e x p e r im e n ta l  e r r o r  i n  d e te r m in in g  t h e
v i s c o s i t y  o f  th e  f l u i d  i n  th e  E ele -S haw  model and  th e
p l a t e  s p a c i n g .  I n  a d d i t i o n ,  t h e  h e i g h t  o f  f l u i d  s t a n d i n g
above th e  d r a i n s  was more p ro n o u n ce d  f o r  l a r g e r  v a l u e s  o f
_d.
1
!h e  t h e o r e t i c a l  w a te r  t a b l e  e l e v a t i o n s  a t  th e  
m id - p o in t  b e tw een  th e  d r a i n s  a r e  fo un d  to  be more 
a c c u r a t e  t h a n  G lo v e r ’ s when compared w i t h  e x p e r i m e n t a l  
r e s u l t s .  Drawdown r a t e s  p r e d i c t e d  from  t h e  f i n i t e  
d i f f e r e n c e  a n a l y s i s  a r e  f a r  more c o n s e r v a t i v e •t h a n  
t h o s e  b a se d  on D u p u i t -P o rc h h e im e r  t h e o r y  f o r  a l l  v a l u e s
°*' 4*1
SUEK&SY AED CQEG1USI0ES
A n u m e r i c a l  a n a l y s i s  s o l u t i o n  o f  L a p l a c e ’ s f lo w
e q u a t io n  w i t h  a  moving b oun d a ry  i s  p r e s e n te d , .  B ecause
o f  t h e  a s s u m p t io n s  i n  th e  t h e o r y ,  th e  p r e d i c t e d  r a t e
o f  w a te r  t a b l e  drawdown com pares f a v o u r a b l y  w i t h  t h o s e
o b ta in e d  e x p e r i m e n t a l l y  by S hery  [T9 6 6 ] o v e r  a  w ide
ra n g e  o f  d v a l u e s .  Ih e  w a te r  t a b l e  p r o f i l e s  l a g  b e h in d  
±>
th o s e  p r e d i c t e d  by G lo v e r  (Dumm [2954]) a t  h ig h  v a l u e s  o f
d a s  fo un d  by S hery  [1_96§3 i n  a  c o m p a r iso n  o f  h i s  e x p e r -  
L
i m e n t a l  w a t e r  t a b l e s  w i t h  G l o v e r ' s .
The c o n c lu s io n s  o f  t h i s  s tu d y  may be sum m arized a s  
f o l l o w s ;
1 3 9
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1 .  G l o v e r ' s  s o l u t i o n  o v e r e s t i m a t e s  t h e  d raw dow n 
r a t e  o f  t h e  w a t e r  t a b l e  b e t w e e n  p a r a l l e l  d r a i n s .
2 .  T h i s  o v e r e s t i m a t i o n  i n c r e a s e s  a s  t h e  s p a c i n g  
b e t w e e n  t i l e  d r a i n s  d e c r e a s e s  ( k e e p i n g  a l l  o t h e r  
d i m e n s i o n s  c o n s t a n t ) .
3 .  The f i n i t e  d i f f e r e n c e  s o l u t i o n  p r e s e n t e d  i s  a  
d e f i n i t e  i m p r o v e m e n t  o v e r  G l o v e r ' s  d r a i n a g e  
f o r m u l a .
F ur t he r  s t u d y
An a n a l y s i s  o f  t h e  r e c e s s i o n  r a t e s  o f  t h e  w a t e r  
t a b l e  a t  t h e  m i d - p o i n t  b e t w e e n  d r a i n s  i s  n o t  p r e s e n t e d .  
B e c a u s e  o f  t h e  i n t e r e s t  i n  t h e  h i g h e s t  p o i n t  o n  t h e  
w a t e r  t a b l e  f o r  d e s i g n  p u r p o s e s ,  a  g r a p h i c a l  r e p r e s e n ­
t a t i o n  o f  t h i s  r e c e s s i o n  r a t e  f o r  v a r i o u s  v a l u e s  o f  d
L
wro u l d  be  v e r y  u s e f u l .  I n  a d d i t i o n ,  w a t e r  t a b l e  r e s p o n s e  
t o  r e c h a r g e  b y  r a i n f a l l  o r  r e p e a t e d  i r r i g a t i o n  c o u l d  
b e  s t u d i e d  by  i n c l u d i n g  a  f a c t o r  i n  t h e  w a t e r  t a b l e  
w h i c h  r e p r e s e n t s  t h i s  e f f e c t .
An i n v e s t i g a t i o n  o f  w a t e r  t a b l e  p r o f i l e s ,  w hen  
t i l e  d r a i n s  a r e  f l o w i n g  u n d e r  p r e s s u r e ,  c a n  be  p e r f o r m e d  
b y  v a r y i n g  t h e  p i e z o m e t r i c  h e a d  a t  t h e  d r a i n  i n  t h e  
g i v e n  c o m p u t e r  p r o g r a m m e .
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KOKEhCLrlULL
U n i t s  a r e  e x p r e s s e d  i n  t h e  ( P - l - I )  s y s t e m ,  w h e r e  
( P )  = F o r c e  
(L )  = L e n g t h  
( I )  = L i n e
A A  a n  e l e m e n t  o f  c r o s s  s e c t i o n a l  a r e a  o f  t h e  f l o w
r e g i o n  ( I 2 ) .
I) t h e  v e r t i c a l  d i s t a n c e  b e t w e e n  t h e  d r a i n  a n d  t h e
i m p e r m e a b l e  l a y e r  ( L ) .
d  t h e  a v e r a g e  d e p t h  o f  t h e  s a t u r a t e d  a q u i f e r  e q u a l  t o
I) -r h  ( L ) .
2
he  a c c e l e r a t i o n  d u e  t o  g r a v i t y  ( 1 )
L t h e  o r i g i n a l  h e i g h t  o f  t h e  w a t e r  t a b l e  a b o v e  t h e
p a r a l l e l  d r a i n s  b e f o r e  d e s c e n d i n g  ( L ) .  I n  t h e  
f i n i t e  d i f f e r e n c e  e q u a t i o n s ,  t h e  h o r i z o n t a l  d i s t a n c e  
f r o m  t h e  c u r v e d  w a t e r  t a b l e  t o  t h e  c l o s e s t  g r i d  
p o i n t  ( l ) . .
h  t h e  h e i g h t  o f  t h e  w a t e r  t a b l e  a b o v e  t h e  t i l e  d r a i n
a t  a n y  p o i n t  ( L ) .
k  t h e  c o e f f i c i e n t  o f  p e r m e a b i l i t y ,  p e r m e a b i l i t y  o r
h y d r a u l i c  c o n d u c t i v i t y  o f  a  n o r o u s  m ed ium  Cl ) .
T O ”
L t h e  h o r i z o n t a l  s p a c i n g  o f  t h e  t i l e  d r a i n s  ( L ) .
I! I n  o v e r r e l a x a t i o n  c o n s t a n t  f o r m u l a ,  t h e  n u m b e r  o f
v e r t i c a l  m e s h  l i n e s  i n  t h e  g r i d  ( d i m e n s i o n l e s s ) .
A K  t h e  c h a n g e  o f  m a s s  s t o r a g e  i n  a n  e l e m e n t  o f  v o lu m e
AxayAs (pi-2)
U )
t h e  d i r e c t i o n  o f  a  l i n e  n o r m a l  t o  a  b o u n d i n g
s u r f a c e .  I n  o v e r r e l a x a t i o n  c o n s t a n t  f o r m u l a ,  t h e
n u m b e r  o f  v e r t i c a l  m e sh  l i n e s  i n  t h e  g r i d  ( d i m e n s i o n l e s s )
1 4 7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vj
t h e  p o r o s i t y  o f  t h e  f l o w  r e g i o n  ( d i m e n s i o n l e s s ) . 
t h e  h y d r o s t a t i c  p r e s s u r e  ( .
( l £ )
t h e  r a t e  o f  f l o w  o f  f l u i d  t h r o u g h  a  p o r o u s  m ed ium  (I?)
. T F T
t h e  r a t e  c f  f l o w  o f  f l u i d  t h r o u g h  a n  e l e m e n t  o f  
u n i t  w i d t h  o f  a q u i f e r  ( 1 - )  .
t f t
I n  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s ,  t h e  v e r t i c a l  
d i s t a n c e  f r o m  t h e  c u r v e d  w a t e r  t a b l e  t o  t h e  c l o s e s t  
g r i d  p o i n t  ( L ) .
3.q I n  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s ,  t h e  r e s i d u a l  
a t  g r i d  p o i n t  0 ,  w h i c h  r e p r e s e n t s  t h e  n u m e r i c a l  
e r r o r  a t  p o i n t  0 ( L ) .
S s t o r a g e  c o e f f i c i e n t ,  s p e c i f i c  y i e l d ,  o r  t h e  a m o u n t
UJ w a t e r  i n  s t o r a g e  r e l e a s e d  f r o m  a  c o l u m n  o f
a q u i f e r  w i t h  u n i t  c r o s s  s e c t i o n  u n d e r  a  u n i t  d e c l i n e  
o f  h e a d  ( d i m e n s i o n l e s s ) .
t h e  t i m e  ( 1 ) .
t h e  f l u i d  v e l o c i t y  i n  t h e  x - d i r e c t i o n  i n  t h e  p o t e n t i a l  
t h e o r y  d e v e l o p m e n t  ( 1 )  .
V t h e  f i c t i t i o u s  f l u i d  v e l o c i t y  d e t e r m i n e d  b y  t h e  
f a r c y  e q u a t i o n  ( 1 )  .
‘(F)"
Yu t h e  c o m p o n e n t  o f  t h e  v e l o c i t y  n o r m a l  t o  a  b o u n d i n g  
s u r f a c e  ( I )  .
TFT
V:1 r h e  c o m p o n e n t  o f  t h e  f l u i d  v e l o c i t y  n o r m a l  t o  t h e  
e l e m e n t  o f  a r e a  A A ( 1 )  .
TFT
V-x t h e  t r u e  f l u i d  v e l o c i t y  i n  t h e  x - d i r e c t i o n  ( L) .
V3 t h e  t r u e  f l u i d  v e l o c i t y  i n  t h e  s  d i r e c t i o n  ( 1 )  .
TFT
v  t h e  f l u i d  v e l o c i t y  i n  t h e  y - d i r e c t i o n  i n  t h e  p o t e n ­
t i a l  t h e o r y  d e v e l o p m e n t  ( i )  .
X T
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17 t h e  f l u i d  v e l o c i t y  i n  t h e  e ~ d i r e c t i o n  i n  t h e  
p o t e n t i a l  t h e o r y  d e v e l o p m e n t  (L )  .
x  t h e  h o r i z o n t a l  a x i s ,  p a r a l l e l  t o  t h e  d r a i n a g e
p r o f i l e
a x  a n  e l e m e n t  o f  d i s t a n c e  i n  t h e  x - d i r e c t i o n  ( 1 ) .  I n
t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s ,  t h e  h o r i z o n t a l  
s p a c i n g  o f  t h e  v e r t i c a l  g r i d  l i n e s  ( 1 ) .
y  t h e  h o r i z o n t a l  a x i s ,  p e r p e n d i c u l a r  t o  t h e  d r a i n a g e
p r o f i l e
A y  a n  e l e m e n t  o f  d i s t a n c e  i n  t h e  y - d i r e c t i o n  ( 1 ) .
Z t h e  e l e v a t i o n  h e a d  a b o v e  a n  a r b i t r a r y  d a t u m  ( 1 ) .
z t h e  v e r t i c a l  a x i s ,  p a r a l l e l  t o  t h e  d r a i n a g e  p r o f i l e .
a s  a n  e l e m e n t  o f  d i s t a n c e  i n  t h e  s—d i r e c t i o n  ( Z ) . I n
t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n ,  t h e  v e r t i c a l  
s p a c i n g  o f  t h e  h o r i z o n t a l  g r i d  l i n e s  ( L ) .
°< t h e  n u m e r i c a l  v a l u e  o f  k d  ( I f - )  .sr-rcr
V t h e  s p e c i f i c  w e i g h t  o f  a  f l u i d  (F )  .
( L b
0 t h e  p i e z o m e t r i c  h e a d  ( 1 ) .
(f t h e  d e n s i t y  o f  a  f l u i d  ( P I12 )
(L4 )
°<h t h e  c o m p r e s s i b i l i t y  o f  t h e  a q u i f e r  ( 1 ^ )  .
(¥)
P> f  t h e  c o m p r e s s i b i l i t y  o f  a  f l u i d  .
3 a  c o e f f i c i e n t  w h i c h  d e s c r i b e s  t h e  e f f e c t  o f  t h e
g r i d  s p a c i n g  ( d i m e n s i o n l e s s ) .
oJ t h e  o v e r r e l a x a t i o n  c o n s t a n t  ( d i m e n s i o n l e s s ) .
U -b t h e  b e s t  e s t i m a t e  o f  t h e  o v e r r e l a x a t i o n  c o n s t a n t
( d i m e n s i o n l e s s ) .
\  a n  a - o ' o r o x i m a t i o n  o f  t h e  l i m i t i n g  v a l u e  o f  d ( n ) i n
d(n-TT
t h e  G - a u s s - S e i d e l  m e t h o d  ( d i m e n s i o n l e s s ) .
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APPENDIX A -  COMPUTER PROGRAMME
132 READ(5.50)  LL. MM«IDRN♦A♦AA«D. DD«H. V«HT 
READ <5. 161 > DRN♦APPR.HY «S«B. I TI ME 
DIMENSION T < 30 .30) ,N(30«30) «R(30.30) .00(30.30)
DIMENSION ELEV(30.30)♦P(30.30) «Q(30«30) . TI ME<900) .DRDN<30) 
READ(5»130) (TIME!I) . I= 1 , ITIME)
READ<5*98) <DRDN<M> «M=1 *MM)
1 =  1
TTsO.O
DO 25 L=1«LL 
DO 25 M=1.MM 
25 T ( L « M ) = APPR 
DO 99 M=1.MM 
DO 99 L=1»LL 
99 R(L. M) =DRDN < M)
52 DO 51 L=1«LL 
DO 5 1 M=1.MM 




134 DO 54 L=1.LL 
DO 54 M=1.MM
IF (ELEV(L.M)-R(L.M)) 55.100♦56 
100 IF CL-2) 101.560.560
560  i f  : l - iorn» 1 01 . 7 9 .1 0 1
i 0 1 N ( L + M i = 8 
CO TO 54
56 NIL.M) =9 
T I L * M ) = 0 . 0 
GO TO 54
55 IF (M—2) 57.58 .58
58 IF(M-MM) 59 .60 .60
59 IF (RIL.M)-ELEV(L.M)-V) 62.61.61
57 IF (L-IDRN) 80.79 .80
79 NIL.M)=4 
GO TO 54
80 IF (R(L«M)-ELEV(L.M)-V> 63 .64.64
64 IF (RIL.M+1)-ELEV<L«M>) 78.77 .77
78 QIL« M)=(R(L.M)-ELEV(L.M))*H/<R<L♦M>-R(L. M+l)>
N(L«M)=13 
GO TO 54
63 IF (RIL.M+1)-ELEV<L.M)) 81.82 .82  
82 P(L«M) =R(L.M>-El_EV<L.M >
N (L . M > = 14 
GO TO 54
81 P(L«M)=R(L«M)-ELEV<L.M)
QIL.M) = <R(L«M>-ELEV < L. M) ) * H / < R < L. M)—R(L « M+1 >)
N<L.M)=15 
GO TO 54 
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66 N ( L ♦ M ) = 6 
GO TO 54
61 IFCELEV<L*M)-R<L»M-1>) 90,90.905
905 IP <ELEV(L.M)-R(L.M+1)) 74.74.906  
90 (ELEV(L*M)-R<L«M+1 ) ) 73«73 .87
906 Q(L.M)=(R(L.M)-ELEV(L.M))*H/( R < L ♦ M )—R(L * M+1) ) 
QQ(L«M>=(R < L « M)-ELE V < L « M) )*H/<R(L♦M1-R(L«M-1>) 
N ( L ♦ M 1 = 2 2
GO TO 54
74 Q(L.M)= <R<L.M)-ELEV<L.M>) * H / <R<L«M)-R(L. M-1 ) )










62 IF (ELEV(L«M)-RCL«M-1 1 1 75.75*901
75 IF (ELEV(L«M)-R(L«M+1 ) > 88*88.89
901 IF IE LE V IL ♦ M 1—RI L « M +1 1 1 76*76 *902
902 Q<L*M1=CR<L,M>-ELEV(L♦ M >>*H/<R(L«M)
P<L*M1 = R(L*M1-ELEV(L.M)
QQ< L * M 1 = < R < L « M) —ELE V < L , M1 1# H / IR(L*M)-R<L«M-1)1 
N(L«M1.„.= 21 
GO TO 54
76 Q<L*M1= ( R < L , M 1—ELEV< L ♦ M 11*H/<R<L«M1-R<L♦M-1 ) i 
P(L*M1=R(L*M1-ELEV<L«M1 
NIL* Ml = 11 
GO TO 54




Q ( L ♦ M 1 =(R (L , M 1-ELEV(L♦M)1* H / t R<L«M>-R<L♦M+1> 1
N(L«M)=19
GO TO 54
60  IF <R{L«M)-ELEV<L*M)-V1 69*70.70
70 IF (ELEV(L«M1 —R(L«M—1>} 83 .84 ,84
84 Q(L « M) = (R(L, M >-ELEV(L♦M)> *H /(R < L * M)-R < L♦M-1> 1 
N ( L * M 1 = 16
CO TO 54 
83 IF (L-LL) 71 .72 .72
71 N < L* M 1 =3 
GO TO 54
72 N(L* M1 = 7 
GO TO 54




85 P<L,M1=R(L«M1—ELEV(L « M)
151
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Q(L«M)=<R(L«M)-ELEV(L«M)>*H/ ( R<L«M)-R(L*M-1))
N ( L « M ) = 1 8 
554 CONTINUE 
IT = 0 
26 RES = 0*0 
DW=0•0 
DN=0.0
DO 23 L=1 * LL 
DO 23 M = 1« MM 
K=N(L «M)
IF (<-IO) 91«91«92
91 GO TO ( 1 «2«3«4«5»6«7*8«9»10)♦«
1 X=T<L«M>+B*<AA/DD*(T<L+1«M)+T<L-1 «M)>+A/DD*(T<L♦M+1 )+T( L «M—1 ) ) —T(L
1 ♦ M ) )
GO TO 24
2 X=TCL.M>+B*(A/D*T(L«M+l )+AA/DD*(T(L-1« M) +T(L+1« M) ) —T(L « M)}
GO TO 24




5 X=T(L«M>+B*<AA/D*T(L-1«M)+A/DO*(T(L♦M-1)+T( L*M+1)>- T (L♦M))
GO TO 24
6 X=T(L,M>+B*(AA/D*T<L-1♦ M>+A/D*T(L •M+1>-T<L«M)>
GO TO 24
7 X = T(L«M >+B*<AA/D*T<L-1♦M>+A/D*T(L•M-1>-T<L*M))
GO TO.24__
3 X = R(L«M j 
GO TO 24 
9 X=0.0 
GO TO 24
10 X = T< L,M )+B*< V**2*Q(L«M) / (  (H+Q (L. « M ) ) * (H*Q (L ♦ M) + V**2 ) >*T<L«M+1 )+<H*Q 
1 (LiM) )/<2*0*(Q(L«M> *H+V**2> >*T(L-1 «M)+<V**2*H>/< <H+Q(L«M) >*(H*Q<L* 




GO "0 < 1 1«12«13»14*15« 16»17«18«19«20*21«22)«J
11 X = T<L«M > + B * ( V*Q<L«M)*P<L»M) / (  <Q(L♦M)+H)*<V*P(L<M)+ Q(L «M)*H) )*T(L * M 
1 + 1 )+V*H*Q<L»M)/ < ( V+P< L «M) )*(Q(L«M)*H+V*P(L«M)> )*R<L♦M>+H*V*P( L *M) /  
1 ( (Q(L»M)+H)*(V*P<L«M)+H*Q(L»M> ) )*ELEV < L * M)+H*P(L « M)*Q < L ♦ M) /  < <V+P<L 
1«M) )* (H*Q(L. » M )+V*P (L« M ) ) >*T<L+1«M)-T<L»M>)
GO TO 24
12 X = TCL «Ml+B*(V*P(L*M)/< 2.0*<P<L«M> *V+H**2) >*T(L »M+1)+V*H**2/( (V+P <L 
1.M))*CH**2+V*P(L«M>>>*R(L«M>+V*P(L«M>/'<2*0*<P<L*M)*V+H**2>)*T<L«M- 
11>+H**2*P<L«M>/ < <V+P<L«M>)*CH**2+V*P(L«M>) ) *T<L+1«M)- T <L«M))
GO TO 24
13 X=T(L.M) + B * < V**2/<2.0*<V**2+QCL♦M> **2 > > *ELEV<L«M> +Q( L ♦ M) * * 2 / < 2 • 0 * (
1 V*-*2 + Q<l_.M>**2> >*TCL-1 «M>+V**2/(2.0*(V**2+QCL«M>**2> > *ELEV < L « M ) +Q ( 
1L.M>**2/C2«0*-(V**2 + Q<L«M)**2> ) *T ( L+ 1 «M ) -T (L « M) )
GO TO 24
14 X=TCL.M)+B*<V*PCL*M)/<2*0*<H**2+V*P(L«M> >)*T(L«M+1)+V*H**2/C <V+P<L 
1 .M> ) * < H**2+P < L ♦ M > *V ) ) *R<L«M> +V*P (L*M) /  < 2 • 0* < H**2 + V*P < L ♦ M ) ) >*T(l_«M+ 
11)+H**2*P(L«M)/(<V+P(L*M))*(H**2+P<L»M)*V))*T<L+1♦M)- T <L«M>)
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GO TO 24
15 X=T<L*M >+B*<V*P(L*M)/< 2 .0 * <P <L*M>*V+QtL♦M>**2> )*ELEV(L«M>+V*Q(L«M) 
l**2/< (V+P(L « M ) >*<Q<L*M)**2+P<L«M> *V))*R(L♦M)+V*P<L«M)/< 2•0*(P(L♦M) 
l*V+Q(L«M)*-*2> ) *ELEV (L * M ) +P ( L « M) *Q ( L « M ) * * 2 /  ( <V+P(L«M) ) * < Q (L « M ) **2+V 
1*P(L«M)) >*T(L+1«M)-T<L»M) )
GO TO 24
16 X=T<>+3*<V**2/<2.0*(V**2+Q(L»M)**2>)*ELEV<L♦M)+QI L*M)**2/ (2 .0*(  
1V**2 + Q(L«M)**2> >*T<L-1 *M)+V**2/<2•0*<V**2+Q<L♦M)**2) >*EL£V(L*M)+0 ( 
1L*M)**2/<2*0*<V**2+Q<L«M>**2>)*T( L+1*M>- T (L♦M>)
GO TO 24
17 X=T<L*M)+B*<V*P(L.M)/(2»0*(H**2+V*P<L*M>> >*T<L*M-1) +H**2*V/<<V+P(L 
1 «M) ) * ( H *-&2+P(LiM)*V) )*R(L«M>+P<L»M)*V/<2*0*(H**2+V*P<L*M>) )*T(L*M- 
11)+H**2*P(L«M)/ < (V+P (L♦M) )*(H**2+P(L«M>*V>)*T(L+1♦M>- T (L«M))
CO TO 24
18 X = T < L * M)+B*(V*P( L » M) /  (2*0* < P ( L « M )*V+0(L « M>**2) ) *ELEVC L « M )+V*Q(L♦M) 
l**2/ (  (V+P( L «M ) >*<Q(L«M)**2+P<L*M>*V>) *R<L♦M>+V*P(L*M>/<2•0*(V*P<L« 
1M)+Q < L « M1**2 >)*ELE V(LiM)+P(L«M)*Q < L ♦ M) * * 2 / (  ( V+P < L « M > > * < Q < L « M > **2+V 
l *P (LtM) ) )*T(L+l *M)-*T(L«M) >
GO TO 24
19 X=TCL,M)+B*<H*V*P(L*M>/ ( <QCL*M)+H)*<H*Q<L«M)+V*P<L«M)) )*ELEV(L«M)+ 
1H*V*Q(L»M>/ (  <P(L*M)+V)*<V*P<L«M)+H*Q(L*M) ) ) *R ( L ♦ M ) +V*P ( L ♦ M ) *Q < L « M ) 
l / (  (H + Q(L»M) >*(H*Q(L«M)+V*P(L«M> ) >*T<L»M-1 >+H*Q(L«M>*P<L*M)/< (V+P(L 
liM))*(V*P(L*M)+H*Q<L«M>) ) *T<L+1»M)-T (L«M)>
GO TO 24
20 X=T(L*M)+B*(H*V**2/(<H+Q<L«M>) * ( H*Q(L♦M>+V**2) ) *ELEVCL«M>+H*Q( L«M) 
l /<2.0*< V**2+H*Q<L«M> ) )*T<L-1 « M) +V**2*Q < L « M > /  < ( H+Q (L « M ) )*<H*Q(L«M)+ 
_1 V**2 ) ) *T(L♦ M— 1 ) +H*Q (L » M) /  < 2 * 0* < V**2+Q C L « M > *H > )*T(L+l ♦ M >-T < L « M > )
GO TO 24
21 X=T(L*M>+B*<V*P(L«M>*QQ(L*M>/ ( ( Q(L♦M)+QQ<L♦M>)*(QQ<L*M) *Q(L«M)+V*P 
1(L«M)) ) *ELEV<L«M>+V*Q(L«M)*QQ(L*M)/ ( ( V+P<L«M)>*<QQ<L* M) *Q(L«M) +V*P 
1(L«M>) )*R(L«M)+V*P(L«M)*Q(L»M)/(( Q<L«M>+QQ<L*M))*<QQ<L«M>*Q(L♦M)+V 
1*P(L « M) ) )*ELEV < L « M)+0(L•M)*P(L « M>*QQ(L « M)/< <V+P < L♦M) > * ( QQ(LiM)*Q(L 
1.M)+V*P(L«M>>>*T<L+l4M>-T(L«M>>
GO TO 24
22 X = T(L»M)+B*( V**2*00(L»M)/( < QQ (L « M > +Q (L • M ) > * < V**2+QQ <1_ « M > *Q (L « M ) ) >* 
1E L E V (LiM)+Q( L  » M) *QQ( L « M) / ( 2 • 0 *  < QQ( L♦ M) *Q( L♦ M ) +  V**2> ) * T ( L- 1 «  M) + V**2 
1*Q<L«M) / (  <QQ(L«M)+Q<L.M) ) * < V**2+QQ ( L « M >"*Q ( L « M) > ) *ELEV (L « M> +QQ < L« M > 
1*Q(L.M)/(2«0*(QQ<L«M)*0<L»M> +V**2) )*T < L+1« M)-T < L « M> )
24 RES = RE S + ABS <T(L«M>—X)
DN =ABS(T(L«M)-X)
IE (DN-DW) 23♦23 « 46 
46 DW=DN
23 T(L*M) = X 
I T = 1'  T +1
IE CDW-O.OOl) 28«28«26 
28 CONTINUE 
604 WRITE(6 « 30) IT*RES«DW 
39 DO 33 M=1«MM 
DO 33 L=1«LL
IF CELEV <L « M)—R(L « M)> 105«915«33
915 IF (L—2) 105433*33
105 !P(R(LiM)—ELEV < L * M)—V) 165*165*33
165 1“ (L—2 ) 166*107*107
166 V = 0 * 0
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Z=((T(L+1.M)-T(L4M) )/V)**2-CT(L+l »M)-T<L,M> ) / sj
GO TO 36
107 IF (R{ 1 * 1 ) -R(1 ,5) > 401* 113*401 
401 IF (M-2) 108,109 * 109
109 IF (M-MM) 110,113,113
103 IF (RCL,M)-DRN> 112,112,116
112 R ( L » M >= DRN 
GO TO 36
113 y=o«o
Z=< (7<L«M)-R(L»M>>/<R<L,M)-ELEV(L«M>> >**2-CT(L«M)-R(L«M) >/<R<L,M)- 
i e l e v < : l » m )  )
GO TO 36
110 IF < N < L , M ) -1 2 ) 115*114,115
114 IF (R<L,M)-R(L,M-1)) 117,116,116
115 IF (N'(L,M)-11) 911,116,911
116 IF (R<L-1»M+1> -  ELEV<L-1,M+1)> 910,204,204
910 IF (R(L,M)-R<L,M+1)) 205,113,113
911 IF < N (L , M ) -1 9 ) 113,117,113
204 Y = T(L, M +1 )+(R(L»M)—ELEV(L♦M) ) * ( T<L -1,M+1 >-T<L, M+1> >/V
GO TO 2 06
205 Y=T(L,M+1) + (R(L, M)—ELEV<L, M)>* i R<L, M+1)-T<L, M+1 ) ) / ( R(L, M+1>-ELEV(L 
1 ,M+1 ) )
206 Y=(<Y-R(L,M))/H>**2
Z=< <T(L,M)-R(L,M))/(R<L,M)—ELEV < L » M )> )**2- ( T<L, M>-R<L, M) >/<R<L,M>-
1ELEV(L, M 5 )
GO TO 36
1 17 IF. iR(L“ l ,M“ l )-ELEV(L-l «M~1 >) 207,208,208
208 Y = T(L,M-1 )+<R(L,M)-ELEV<L,M) 5 *<T(L-1 ,M-1 \  ) J \ )
GO TO 209
2 07 Y = T(L,M-1 )+<R(L»M)-ELEV<L,M) ) * ( RI L, M-1)- T (L, M- 1 ) ) / <R(L, M-l )-ELEV<L
1»M-1))
209 Y=(<R<L«M)-Y)/H)**2
Z=( (T(L,M)-R(L,M) )/<R(L,M)-ELEV<L,M> ) > **2-< T < L .» M )-R < L , M > >/CR<L»M>- 
1ELEV( L , M ))
36 DRDN(M)=HY/S*<Y+Z)*TIME<I)
33 CONTINUE
DO 125 L=1,LL 
DO 125 M=1,MM 
R(L,M)=R<L,M)—DRDN< M)
IF (R(L,M)-DRN)131,131,125  
131 R<L»M)=DRN 
125 CONTINUE
TT = TT+TI ME < I )
WRITE(6,37)  TT
WRITE(6,38)  <<RCL,M),M=1, 5 ) ,L=1,1>
IF (MM—10) 202,202*203
202 WRITE(6 » 38) < (R(L,M)« M=6,MM) , L=1,1)
GO TO 145
203 WRITE(6,38)  ( (R(L«M)»M=6»10>, L*1,1)
IF (MM-15)140,140,141
140 WRITE(6,38)  <(R(L, M) , M=11,MM) , L=1,1)
GO TO 145
141 WRITE < 6 ,38)  < (R(L»M),M=11,15) »L* 1 ,1)
IF <MM-20)142,142,143
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< <R<L*M > «M = 21«25> *L=1 ♦1> 
( (R(L«M> « M =26«MM) «L=1 ♦ 1 )
133 * 133 «135
WR I TEI <6 « 38 ) ( <R(L«M)«M=16«MM) «L=1 * 1 >
GO TO 145
W R I T E :  (6 *38) < <R(L«M)«M=16,20) «L=1 ♦ 1 )
IF (MM-25) 300 «300 * 301 
WRITE: (6 ♦ 33) ( (R(L«M) «M = 21 «MM> *L=1 ♦ 1 >
GO TO 145 
WRITE: (6 « 38)
WRITE: (6 *38)
CONTINUE 
I F ( I -  I T I ME )
I = I + '.I 
GO TO 134 
CONT iNUE 
GO TO 132
FORMAT ( 5 X *  I 5 ,E14.6«3X«E14.6>
FORMAT (10F7.3)
FORMAT (5F9»4 «I 3 >
FORMAT ( 10F6•2)
FORMAT {2E16«8«2I3)
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APPENDIX B -  COMPUTER PROGRAMME NOMENCLATURE
APPR th e  i n i t i a l  assum ed p o t e n t i a l  a t  e a c h  g r i d  p o in t
A,AA c o e f f i c i e n t s  w h ich  d e s c r ib e  th e  e f f e c t  o f  t h e  g r i d
D,DD s p a c in g
B th e  o v e r - r e l a x a t i o n  c o n s ta n t
DW th e  l a r g e s t  r e s i d u a l  i n  th e  f lo w  r e g io n  a f t e r  a
c o m p le te  i t e r a t i o n
DRN th e  h e ig h t  o f  th e  d r a i n  above th e  im p erm eab le  
b o u n d a ry
H. th e  h o r i z o n t a l  g r i d  s p a c in g
HY th e  h y d r a u l i c  c o n d u c t iv i t y
IDRN th e  h o r i z o n t a l  g r i d  l i n e  r e p r e s e n t i n g  th e  d r a i n  
l o c a t i o n
IT  th e  num ber o f  i t e r a t i o n s
ITIME th e  num ber o f  t im e  s t e p s
LL th e  num ber o f  h o r i z o n t a l  g r i d  l i n e s  i n  th e  i n i t i a l
f lo w  r e g io n
MM th e  num ber o f  v e r t i c a l  g r i d  l i n e s  i n  th e  i n i t i a l
f lo w  r e g io n
RES th e  r e s i d u a l  a t  a  g r i d  p o in t
S th e  s p e c i f i c  s to r a g e
TT th e  e la p s e d  d r a in a g e  tim e
V. th e  v e r t i c a l  g r i d  s p a c in g
Y th e  h o r i z o n t a l  com ponent o f  th e  w a te r  t a b l e
e q u a t io n
Z th e  v e r t i c a l  com ponents o f  th e  w a te r  t a b l e  e q u a t io n
DRDN(M)the i n i t i a l  h e ig h t  o f  th e  w a te r  t a b l e  above  th e  
im p erm eab le  b o u n d ary  and  th e  s u b s e q u e n t drawdown 
in c re m e n ts
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ELEV(L,M) th e  e l e v a t i o n  o f  each, g r i d  p o in t  above th e  
im p erm eab le  b o u n d ary
N(1,M ) c l a s s i f i c a t i o n  o f  g r i d  p o in t  l o c a t i o n  w i th
r e s p e c t  to  th e  w a te r  t a b l e  an d  o th e r  b o u n d a r ie s
P(L,M ) th e  p a r t i a l  v e r t i c a l  m esh l e n g t h  fro m  th e
w a te r  t a b l e  t o  a  g r i d  p o in t
Q(L,M) th e  p a r t i a l  h o r i z o n t a l  m esh l e n g t h  fro m  th e
w a te r  t a b l e  to  a  g r i d  p o in t
QQ(1,M) th e  p a r t i a l  h o r i z o n t a l  m esh l e n g th s  fro m  th e
w a te r  t a b l e  t o  a  g r i d  p o in t
R (1,M ) th e  w a te r  t a b l e  e l e v a t i o n s  above th e  im p erm eab le
b o u n d ary
T(L,M ) th e  v a lu e  o f  th e  p ie z o m e tr ic  h e a d  a t  e a c h
g r i d  p o in t
TIME ( I )  t h e  d r a in a g e  tim e  s t e p s
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R o n a ld  B ryan  W igle was "born i n  W in d so r, O n ta r io  
C anada, on November 9 ,  1944.
I n  S e p tem b er, 1949» e n te r e d  K in g s v i l l e  P u b l ic .  
S c h o o l i n  K i n g s v i l l e ,  O n ta r io .
I n  S e p tem b er, 1957, e n te r e d  K in g s v i l l e  D i s t r i c t  
H igh S c h o o l i n  K i n g s v i l l e ,  O n ta r io .
I n  S e p tem b er, 1962, e n r o l l e d  i n  c i v i l  e n g in e e r in g  
a t  th e  U n iv e r s i ty  o f  W in d so r, W in d so r, O n ta r io .
I n  Ju n e , 1966, g r a d u a te d  from  th e  U n iv e r s i ty  
o f  W indsor w i th  th e  d e g re e  o f  B a c h e lo r  o f  
A p p lie d  S c ie n c e  i n  C i v i l  E n g in e e r in g .
I n  J u n e , 1966 , e n r o l l e d  a t  th e  U n iv e r s i ty  o f  
W indso r i n  a  program m e le a d in g  to  th e  d e g re e  
o f  M a s te r  o f  A p p lie d  S c ie n c e  i n  C i v i l  E n g in e e r in g .
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